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ABSTRACT
Soft robots attain their mobility through the deformation of stretchable skins, fibers, tendons, and pressurized
fluids. Their recent popularity is a result of their attributes, such as adaptability, safe human interaction,
cost-effectiveness in manufacturing, and deployment. As a result, they find use in manipulation, locomotion,
and wearable devices. This dissertation deals with the design, modeling, and control of soft continuum arms
(SCAs) and end effectors used for manipulation, with applications in agricultural berry harvesting.
In general, soft robotic manipulators suffer significant performance trade-offs. The quest to increase
dexterity leads to increasing design complexity and inertia. While adaptable and safe, the soft and compliant
nature of these robots leads to lower accuracy, precision, load-bearing ability, and speed. This dissertation
aims to maximally overcome these trade-offs through systematic design and data-driven modeling.
This dissertation utilizes pneumatic fiber-reinforced actuators as the basic building block for designing
soft robots. An insight into the design of SCAs by exploiting asymmetry in the fiber angles (local scale)
and by combining different fiber-reinforced actuator building blocks in an asymmetric parallel architecture
(global scale) is presented. Asymmetry in the fiber angles was utilized to design and demonstrate a spiral
gripper to grasp long and slender objects. Similarly, combining asymmetric building blocks has resulted
in the design of a unique soft manipulator known as the BR2, with large spatial workspace and dexterity.
Kirchhoff’s rod model was used to capture the large nonlinear continuum elastic deformation of the SCA
with a novel parameter estimation scheme to evaluate its actuation and elastic coefficients. The rod model
is further used to predict the deformation of the soft manipulator under different loading conditions.
Robust control of the asymmetric SCAs is challenging because it often requires intricate analytical and
numerical models. The complexity of these models may render traditional model-based control difficult
and unsuitable. In this dissertation, a model-free approach for position control of SCA, based on deep
reinforcement learning is described.
The design principles are used to create a hybrid robotic system from a combination of soft continuum
arm and a rigid robotic arm. This system has the advantage of high payloads, compact architecture, and
force transfer capability while simultaneously attaining large spatial workspace and dexterity. While the
ii
hybrid robotic system can have multiple applications, the design, system integration, control, and sensing is
targeted towards an autonomous agricultural robot for harvesting berries.
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The last decade has witnessed a dramatic increase in the use of robots for performing service tasks in
proximity with humans. From traditional sectors such as manufacturing, the use of robots have graduated
to newer fields such as surgery [3], education [4], social interaction [5], and in agriculture [6, 7]. Most of
the robots that we notice in real world applications consist of rigid links made with metal or materials with
high stiffness. This rigidity enhances their capability of being precise, accurate, and efficient, while also
incorporating well-established methods of joint actuation such as motors and gears. Although rigid robots
are being used in a myriad of applications, they are not human safe and have to be confined to restricted
operational spaces or operational protocols. Furthermore, these rigid robots are also not adaptable or
conformable to objects of different shapes or material. To enhance adaptability, rigid link continuum robots
[8, 9] are proposed with several concatenated serial links. It is to be noted that this feature comes with the
additional complexity of controlling every joint/link [10, 11], thus complicating the design and controls. In
order to address this, there has been work in designing concentric tube robots [12] or active cannulas, a class
of continuum robots with minimum actuation inputs to obtain deformed spatial shapes. These concentric
tube robots cannot be scaled due to the complex actuation setup needed, but are effective at a small scale
and are currently successfully used in medical applications [13, 14].
Soft robots [15, 16, 17, 18, 19, 20] on the other hand are class of continuum robots mainly composed
of easily deformable materials that have elastic properties similar to biological tissues and organs [21].
Unlike conventional robots, soft robots are human safe, adaptable, dexterous, can navigate through tight
spaces, and have large degrees of freedom. These features have enabled the use of soft robots for various
applications, which can be classified into manipulation [22, 23, 24, 25], locomotion[18, 26, 27] and human
assistive devices[28, 29, 30].
In manipulation, soft continuum arms (SCAs) or manipulators are used to explore uneven terrains, handle
objects of different sizes and interact safely with the environment [20, 18, 31, 32]. They are shown to be
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feasible in assisting with activities of daily living, especially where the robot needs to interact with aged
or disabled humans [33, 28, 34, 30]. These soft continuum arms are generally long, slender, and compliant.
Their body structure is made of a combination of muscles and soft appendages similar to octopus tentacles
or elephant trunks [35].
1.2 Soft Continuum Arms: Challenges
This section reviews the state of the art in soft continuum manipulators/arms(SCAs) as well as the out-
standing challenges in this area of research.
Trade-off between dexterity and compactness
In the engineering realm, SCAs are actuated either (a) pneumatically, or (b) by motor-driven tendons, or
a combination of the two. In a typical pneumatic SCA segment, several extending pneumatic actuators
are connected along a common seam as shown in Figure 1.1 [36, 22, 37, 25, 32]. When a single extending
actuator is pressurized, bending occurs due to the strain limiting nature of the seam. This architecture is
considered symmetric because each extending actuator is identical, and the parallel architecture results in
spatial bending in different directions.
Figure 1.1: (a) Soft continuum arm concatenated in serial segments(OctArm [1]) (b) A bending segment
with three extending actuators restricted at the seam.
However, a parallel, symmetric architecture alone may not have sufficient dexterity to perform tasks such
as whole arm manipulation (WAM) and obstacle avoidance (OA). Table 1.1 suggests that most SCAs with
capabilities of WAM and OA are designed using a serial combination of multiple segments. While such an
architecture increases dexterity, stiffness and the overall workspace, it reduces design compactness due to the
need for pneumatic hoses running through the manipulator body to pressurize the distal ends. This leads
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to an increase in overall weight, an attenuation in the workspace due to inertia, increased complexity of the
controls and increased hardware and power requirement [38, 39]. These may impede the use of SCAs in
battery-operated mobile autonomous platforms (E.g. in agriculture) where the energy availability is limited
[6].
Table 1.1: State of the Art Soft Manipulators. WAM: Whole Arm Manipulation, M: Morphology (#
sections), OA: Obstacle Avoidance, SM : Stiffness Modulation
Manipulator WAM M OA SM
Oct Arm[22] 3 Multi 3 7
BHA [40] 7 Multi 3 7
Octopus[41] 7 Single 7 7
Jamming based
manipulator[42] 3 Multi 3 3
Robotic Tentacle[43] 3 Multi 7 7
STIFF-FLOP[44] 3 Multi 3 3
Soft fluidic actuator[45] 3 Multi 7 7
Tele-operable
soft arm[24] 3 Multi 3 7
BR2 (this work) 3 Single 3 3∗
* reduced workspace
In the context of the state-of-the-art, this dissertation presents a compact single section
SCA design with sufficient dexterity and workspace for WAM and OA. Our design consists of
an asymmetric combination of soft pneumatic Fiber Reinforced Elastomeric Enclosures (FREEs) [46, 47]
where we combine two or more dissimilar actuators in parallel. The combination of a bending mode (B)
and two axially rotating modes (R2) gives rise to spatial spiral deformation. This is achieved without the
need for serially concatenating segments. Therefore the BR2 design presented in this dissertation is useful in
performing the tasks mentioned in Table 1.1 with a single section. Asymmetric combination design introduces
coupling effect between the bending and rotating actuators that is not otherwise present in purely symmetric
bending building blocks. A coupling effect is where the performance of one building block is attenuated by
the other. The coupling effect is found to diminish the overall performance (workspace and dexterity) of the
manipulator [48].
Trade-off between hard and soft features
There are a number of limitations with SCAs that prompt additional considerations: (i) While adaptable,
their soft and squishy nature may not lend itself to precise operations that require transmitting large loads
to the object. These are usually attributes of rigid robots. The closest to fulfilling these requirements are
variable stiffness robots [49, 50]. (ii) Most SCAs use bending as a mode of deformation and thus require
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two or more serial segments that are independently controlled to achieve sufficient workspace and dexterity.
The serial construction increases complexity and weight, and requires additional valves and hoses running
through the body [38, 51]. (iii) Though dexterous, most SCAs have limited reach or steerability for navigation
in constrained environments. Continuum robots that have shown promise are the concentric tube robots
[52] and self-growing soft robots [53].
In this dissertation, I present a new design concept, which is a hybrid between soft and rigid arms to
overcome these limitations. The Variable Length Nested Soft arm or VaLeNS arm consists of a single
segment SCA nested inside a concentric rigid shell. Inspired by the concentric tube continuum robots [52],
an internal mechanism is used to extrude out or retract the SCA back into the shell. When the entire
arm is extended out of the shell, the robot is considered soft, while when enclosed completely within the
shell, it is considered rigid. The SCA used has a unique asymmetric architecture that can simultaneously
Bend (B) and Rotate in clockwise and counterclockwise (R2) directions leading to spatial deformation. I
show that the VaLeNS arm with a BR2 SCA exhibits two fundamental attributes namely (i)
an enhanced workspace and dexterity, and (ii) the ability to modulate stiffness and transfer
impact forces. This dissertation studies these attributes in detail using a combination of
computational models and experiments. Furthermore, these fundamental attributes lead to
several derived functionalities that make the architecture useful. Two most important are (a)
hybrid workspace and (b) enhanced reachability or steerability .
Hybrid workspace refers to the part of the workspace where the SCA behaves as a rigid robot (with
reduced degrees of freedom) capable of quick, precise operations that include transmission of loads. The
other part of the workspace where the arm is sufficiently extruded can be used for adaptable and safe
manipulation with sufficient dexterity. The second feature is reachability, which is a function of extrusion
out of the rigid shell and the simultaneous curvilinear deformation of the SCA.
The VaLeNS arm can be used in several applications that require the hybrid workspace and reachability
features. For example, in automated berry harvesting, reachability is important in approaching, imaging and
picking berries that are occluded inside bushes, thus necessitating the soft arm, while those on the periphery
can be picked rather quickly using the rigid arm alone. Furthermore, the hybrid workspace feature is
important in collaborative robot-human applications especially in manufacturing, where a combination of
precise operations and safe interactions are required.
4
Design exploration
This dissertation effectively explores the fiber-angle design space of FREEs in order to get insights during
the design process. The most simplified representation of a FREE [46] is a hollow cylinder made of a
stretchable elastomer material and reinforced with two families of fibers, as shown in the Figure 1.2(a)-(b).
The asymmetry in fiber angles is explored to design a spiral gripper, which can be used to grip long and
slender objects, as shown in the Figure 1.2(d).
The individual FREEs that function as bending, and rotating actuators are combined in parallel archi-
tectures to attain spatial motion, as shown in Figure 1.2(e)-(f). Unlike symmetric soft modules [22] where
all the blocks are made of extending actuators, asymmetric soft modules are made of two or more different
blocks. The most straightforward asymmetric soft module can consist of one extending and one rotating
actuator. The presence of a rotating actuator/block provides the capability of rotation for these modules.
These designs which explore the asymmetry at the local level (fiber angles) and global level
(architectures) are presented in this dissertation.
Challenges in Modeling and Control
Modeling
In order to study the performance attributes like workspace, dexterity, and load dependence of the BR2
SCA a forward model is required. In this dissertation, I present a quasistatic forward model based
on precurved Kirchhoff’s rod theory [54, 55] that predicts the deformed profile upon pressure
actuation and under external loads. However, the accuracy of the model depends heavily on its ability
to capture how the elastic moduli and actuation of the SCA varies with applied pressure.
One major contribution of this dissertation addressing the challenges in modeling is an enhanced param-
eter estimation scheme that captures the coupling effect in elastic moduli and pressure-induced actuation
from experimental data. The framework is a spatial extension of similar estimation methods proposed for
planar soft robots such as grippers and pneumatically actuated endoscopes [56, 57, 58, 59].
Control
Controlling SCAs is challenging because of their infinite degrees of freedom and the availability of limited
sensing avenues. Most existing control strategies can be broadly divided into three categories [60]: (i)
classical model-based methods, (ii) model-based learning methods, and (iii) model-free learning methods.
Classical model-based controls build on accurate analytical expressions for rapid evaluations of forward and
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Figure 1.2: Design using FREEs.(a) Structure of FREE with its deformation parameters(λ1, λ2, δ) (b) Design
space of FREE spanned by its fiber angles α and β (c) Spatial deformation of a FREE using a straight fiber
on asymmetric combination of fiber angles and demonstrating (d) spiral gripping of a cylinder with 30 mm
diameter.(e) Design architecture of a parallel asymmetric building block (composed of one bending and two
rotating actuators) and (f) deformation modes of BR2 manipulator proposed in this work(Bending with
counter clockwise rotation, bending alone and Bending with clockwise rotation)
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inverse kinematics [61]. In the context of SCAs, these approaches are bounded by certain assumptions
such as the constant curvature approximation, which may not be accurate for SCAs subjected to external
loads. Model-based learning methods circumvent analytical formulations for forward kinematics by fitting
experimental data-driven function approximates that include Artificial Neural Network (ANN) and Gaussian
Process (GP) models. However, obtaining the inverse kinematics directly from such models offers challenges
such as including accounting for discontinuity in the work space [62], stability of inverse formulations for
points lying outside the reachable workspace, and load dependencies of learned policies. Thuruthel et al.
[63] adopted a differential inverse kinematics approach using spatially localized exploration that addressed
some of these limitations. In a more recent effort, Thuruthel et al. [60] adopted a model-based reinforcement
learning (RL) approach that learns optimal policies in a dynamic closed loop setting operating on a learnt
ANN forward model. While these methods are simple, effective, and easy to train with very few data points,
their performance on more complex SCAs with elements of discontinuity in the task space and where effects
of coupling [48][64] between soft members are predominant, remains to be explored.
Model-free learning approaches require large data sets for training [60], but exhibit better optimal asymp-
totic performance [65]. Model-free Q-learning methods have been investigated previously [66, 67] for static
position control of SCAs. However, the studies were limited to planar manipulation tasks with discretized
actions available to the system. The author’s previous work [68] focused on adapting Q-learning to a spatial
setting with variable discretized actions. Similar work [29] has also been done on adopting model-free Q
learning variants towards modeling multiple objectives using a multi-agent actor-critic framework. In this
dissertation, we investigate the efficacy of a continuous alternative for model-free reinforce-
ment learning based on deep deterministic policy gradients (DDPG) [69], which can potentially
scale well for systems with larger state-action spaces.
Towards a real world application of berry harvesting
Robots capable of dexterous manipulation in cluttered environments can significantly impact many appli-
cations. For example, shortage of qualified human labor is a key challenge facing US farmers, leading to
smaller profit margins, and preventing the adoption of truly sustainable agricultural practices. The labor
shortage critically affects berries and orchards, because tasks such as picking berries or pruning branches
require significant dexterity. Simple automation approaches that are popular in row-crops such as corn and
soybean [70, 71, 72], do not work well in these much more complicated perennial crops. In addition, tradi-
tional industrial “hard” robot arms have been difficult to adopt for messy, cluttered, and delicate plants. It
is believed that the emerging field of pneumatically actuated soft robotics could be the answer for imple-
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menting robotic automation in challenging applications such as berry picking [73]. However, soft-robot arms
on their own have several challenges. The primary one being low to moderate actuation powers available in a
mobile, untethered environment, coupled with the fact that material flexibility of the robot arm significantly
limits payload capacity. Furthermore, payloads on these arms can warp the workspace, making the control
problem harder, and the warping can worsen with increasing length thus affecting accuracy and precision
[68].
In this dissertation, I present a new mobile hybrid soft-rigid arm concept system for applications requiring
dexterity and reach. We term this system SoftAgbot since our primary application is picking berries in
greenhouses, although SoftAgbot can be applied to many applications beyond agriculture. Our concept
system combines the benefits of the dexterity of a soft manipulator with the rigid support capability of a
hard arm. The idea is that the hard arm positions the extendable soft manipulator close to the target, and
the soft arm manipulator navigates the last few centimeters (25 cm in the presented case) to reach and grab
the target.
1.3 Outline of the dissertation
Chapter 2 introduces the Kirchhoff rods mathematical framework, which is used to model continuous defor-
mations in soft continuum arms (SCAs). In addition, this chapter also delves into using the Kirchhoff rod
equations for solving an inverse design problem.
Chapter 3 explores the design space of FREEs and presents the design of a spiral gripper that can be used
to grip long and slender objects. The design considerations involved in designing a spiral gripper to grasp
objects of various diameters is presented and validated on different examples. The content of this chapter
is reproduced from the paper “Towards Pneumatic Spiral Grippers: Modeling and Design Considerations”,
published in Soft Robotics [74], and is included here with permission from the publisher.
It is observed that the bending (or rotation) functionality in a spiral design presented in Chapter 3
is dependent on the actuation pressure in the rotating (or bending) actuator. This dependency limits its
use only as an end effector (specifically as a gripper) and not an effective continuum arm. In Chapter 4,
we present the design of a BR2 soft continuum arm, that is designed using a combination of asymmetric
building blocks. The content of this chapter is reproduced from the paper “Design and Modeling of Soft
Continuum Manipulators using Parallel Asymmetric Combination of Fiber Reinforced Elastomers” accepted
for publication in Journal of Mechanism and Robotics [64] . Furthermore, we also present a control framework
applied from the reinforcement learning domain to control the end position of the BR2 SCA. The contents
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of the control framework are reproduced from the paper “ Continuous Control of Soft Continuum Arm using
Deep Reinforcement Learning” to be presented at RoboSoft in April 2020.
The BR2 SCA explored in Chapter 4 is shown to have excellent dexterity and workspace with a compact
architecture when compared to other single section SCAs. The limitation of BR2 SCA is its inability to
transfer forces at the tip. In addition, it is inefficient for simple tasks like a pick and place operation. To
overcome this problem in Chapter 5, we present the design and characterization of VaLeNS: Variable Length
Nested Soft Arm, a hybrid design that can switch between a soft and a rigid arm. The contents of the control
framework is reproduced from the paper “VaLeNS: Design of a novel Variable Length Nested Soft Arm”
published in Robotics and Automation Letters [75] and included with the permission from the publisher.
In Chapter 6, we present the system integration and task space control of a robot that is designed to




The modeling of Soft Continuum Arms (SCAs) presented in chapter 3, 4, 5 and 6 all rely on a common
geometric framework that describes the shape of the elastic structure. This modeling framework is based
on Cosserat-rod theory primarily drawn from Antman’s work [76]. In this chapter, we give the derivation of
the framework used throughout the dissertation and also show its utility to solve an inverse design problem.
2.1 Cosserat Rod Model
Cosserat rod models are valid for quasi one-dimensional objects which are characterized by having one
dimension larger than others. In this work it is the length (L) which is much greater than radius (r)
(L/r >> 1). With this assumption, we define the shape of the rod as a parametric Cartesian curve in space
r(s) ∈ R3 with an orthonormal rotation matrix expressing the material orientation, R(s) ∈ SO(3). SO(3) is
the special orthogonal group in three dimensions. In this work, we consider the z-axis of the material frame
to be aligned with the tangent of the curve at a given point on the curve. The position and orientation are
functions of scalar reference length parameter s ∈ [0 L]. Thus, r(s) and R(s), describes the entire rod.
v(s) and u(s) denote the linear and angular rate of change in a local frame. The final kinematic shape of
the rod is calculated from the following equations:
ṙ(s) = R(s)v(s) (2.1)
Ṙ(s) = R(s)û(s) (2.2)
Here the derivative is with respect to s. v denotes the shear in local frame’s x and y directions and
extension/compression in the local z direction. u denotes the bending about the local x and y axes and twist
about the local z axis and û is the skew symmetric matrix of u. We assign the local frame z axis as tangent
to the reference curve.
In the following chapters, we are concerned with how the shape of the rod changes from some initial
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Figure 2.1: The shape of the rod structure is defined by a parametrized frame along the rod’s length.
reference state ro(s),Ro(s) to a final deformed shape as the result of external forces as shown in Figure 2.1.
Thus vo(s) and uo(s) define the initial strains and curvatures of the rod.
Now, taking a section of the rod as shown in Figure 2.1 where n,m are the forces and moments acting
at both the free ends and l, f are the body moments and body forces respectively. We can obtain the force




f(ε)dε = 0 (2.3)
m(s)−m(a) + r(s)× n(s)− r(a)× n(a) +
∫ s
a
(r(ε)× f(ε) + l(ε))dε = 0 (2.4)
We consider all the vectors in Eq. 2.4 to be expressed in coordinates of a fixed global frame. Taking the
derivative of the static equilibrium conditions with respect to s, one arrives at differential equations for a
Cosserat rod that give the evolution of m and n along s.
ṅ(s) + f(s) = 0 (2.5)
ṁ(s) + ṙ(s)× n(s) + l(s) = 0 (2.6)
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The deformation of the rod from its initial state to a new state leads to a corresponding change in v(s)−vo(s)
and u(s)−uo(s). Each component of these changes have direct physical meaning in terms of the strains on
the rod in its deformed state.
Constitutive laws
The relation between the kinematic variables u and v and the internal loads m and n is provided by
constitutive stress-strain laws. The difference between the rod kinematic variables from the rest state to
deformed state are directly related to the strains in the rod. In this work, we use the following linear
constitutive relationships:
n(s) = R(s)D(s)(v(s)− vo(s)) (2.7)













0 0 G(Ix(s) + Iy(s))
 (2.10)
where E is the Young’s modulus, G is the shear modulus, A(s) is the area of cross-section, Ix and Iy are the
second area moments of the rod about the principal axis. Although, it is possible to employ other nonlinear
constitutive relationships, in this work we limit ourselves to linear relationships.
In order to arrive at the full set of equations to obtain the deformed shape under action of external forces,
we take the derivative of Eq. 2.7 and Eq. 2.8 and substitute it in Eq. 2.6 and Eq. 2.5 to obtain the following
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set of ordinary differential equations:
ṙ(s) = R(s)v(s)
Ṙ(s) = R(s)û(s)
v̇(s) = −D(s)−1(R(s)f(s) + û(s)D(s)(v(s)− vo(s)))
u̇(s) = C(s)−1(−û(s)C(s)(u(s)− uo(s))− v̂(s)D(v(s)− vo(s)) + RT l)
(2.11)
In this work, we assume there are no body moments l and the set of equations can be solved when the rod
is clamped at one end (s = 0), with the following boundary conditions r(0) = r0, R(0) = R0, u(L) = uo
and v(0) which can be calculated from the force balance equation.
2.2 Kirchhoff Rod Model
In this work, we also assume that the effect of shear and extension cause relatively small changes in the
shape when compared to the effect of bending and torsion, then a simplified model is obtained by setting
v = vo. This assumption can be used to obtain the Kirchhoff rod equations. Forces acting at any point
on the rod can be written as forces acting by the remaining length of the rod and other local forces at that
point:
n(s) = fb(L− s)geg + ff
where fb is mass per unit length, g is acceleration due to gravity and eg is the vector corresponding to the
direction of gravity and ff is the local forces (in the global frame). On substituting this equation in Eq. 2.7
we can arrive at:
RT (fb(L− s) + ff ) = D(v − vo) (2.12)
with this equality and assumption on v = e = [0; 0; 1]T we can obtain the following set of equations:
ṙ = Re
Ṙ = Rû
u̇ = −C−1(ûC(u− u0) + êRT(fb(L− s)geg + ff ))
(2.13)
2.3 Inverse Design Framework
Designing soft actuators for replicating a 3D shape has several challenges. One major challenge is to consider
the deformation obtained due to the effect of gravity in the design process. For example a helix (constant
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curvature and torsion) (shown in Fig. 2.2(b)) with a Young’s modulus = 1e5 N/m under gravity deforms
into a spiral (varying curvature) as shown in Fig. 2.2(c)
In this section, a method using Kirchhoff equations is presented that is used to obtain the undeformed
curve. The undeformed curve when subjected to gravity results in the intended/desired 3D curve. As shown
in Fig. 2.2 this section elaborates on the steps involved to obtain the undeformed curve when subjected to
gravity gives a helix (constant curvature and torsion). The third equation of Eq. (2.13) can be written as:
C ˙̃u = −(ûCũ + êR′fb(L− s)g) (2.14)
where ũ = u− u0, where u is the curvature and twist vector after deformation and uo is the pre-curvature
and twist vector, which is used to model the shape of the rod it would take in the absence of gravity, which
is not necessarily straight. C = diag(C1, C2, C3) is a diagonal 3 x 3 matrix which collects the bending and
twisting stiffness where C1 = C2 =
π
4Er
4 where E is the material’s Young’s modulus and r = radius of the
rod. g is acceleration due to gravity and fb is mass per unit length of the material.
Inverse shape problem formulation
Now given the deformed shape r(s) and the deformed curvature-twist vector u(s) along the length of the
curve, we need to evaluate the uo(s) , undeformed curvature-twist vector. Given r(s) we can also get the R(s)
Figure 2.2: (a) Undeformed curve, (b) Desired 3D curve (helix) and (c) Helix deformed to spiral under
gravity
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information using standard Frenet Serret or Bishop frames. Using Eq.2.14 we can solve for ũ = [ũ1; ũ2; ũ3]:
˙̃u1 = C
−1
1 [u3C2ũ2 − u2C3ũ3 +R32(fb(L− s)g)] (2.15)
˙̃u2 = C
−1
2 [u3C1ũ1 + u1C3ũ3 −R31(fb(L− s)g)] (2.16)
˙̃u3 = C
−1
3 [u2C1ũ1 − u1C2ũ2] (2.17)
ũ is obtained by solving Eq. 2.15 - 2.17 and uo (pre curvatures and twist) is calculated from ũ and u as:
uo = u− ũ (2.18)
With information of u0, the corresponding spatial curve can be solved from Eq. 2.1 and 2.2 with following
boundary conditions : ũ = 0 at s = L, r = 0 and R = I at s = 0. Where I is the identity matrix.
2.4 Numerical Implementation
The final shape of the rod is obtained by solving the set of differential equations (Eq. 2.13). This is a
boundary value problem as information of r and R at s = 0 is known (the proximal end position and
orientation). u at s = L will be equal to the pre curvatures and twist given by u0.
There are two different methods to solve the boundary value problem. The first one is using shooting
methods and the second one is using collocation methods. In this work I use the collocation method to obtain
the shape of SCAs, as it is numerically more robust when dealing with lower values of Young’s modulus.
The collocation method uses a mesh of points to divide the interval of integration into subintervals.
The solver determines a numerical solution by solving a global system of algebraic equations resulting from
the boundary conditions, and the collocation conditions imposed on all the subintervals. The solver then
estimates the error of the numerical solution on each subinterval. If the solution does not satisfy the tolerance
criteria, the solver adapts the mesh and repeats the process.
MATLAB has an inbuilt function bvp4c, which is used to implement the collocation method in this work.






The material in this chapter is taken from [74] with the permission from the publisher.
3.1 Introduction
Soft robotic grippers adapt to the object being manipulated, thereby increasing the contact area, and
distributing grasping forces better than a traditional gripper with localized contact regions. The inherent
flexibility of soft materials enable safe gripping of flexible, brittle and other delicate objects [20, 77]. An
increase in contact area implies that the soft gripper must encompass, or contain the object maximally from
all sides. This implies that the relative sizes of the gripper and the object must be similar. When the object
is long and slender (tube light, large wooden sticks, pipes etc.), the size of the gripper required may be
unreasonably large, or may require several grippers coordinating at different contact regions (as shown in
Figure 3.1(b)). State-of-the-art soft robots that resemble the human hand still find long and slender work
pieces difficult to grasp [78].
In contrast, there are a number of instances in nature where structural contact between two objects is
achieved when one body spirally twines around the other thereby maximizing area of contact. For example,
grapevine tendrils grow spirally around a long and slender tree stem [79] for increased structural support.
Elephants (Figure 3.1(a)), snakes and cephalopods also demonstrate spiralling to capture objects or preys.
The key advantage of spiralling is that it generates a large area of contact with relatively small gripper
volume. There are a number of practical applications where the object to be manipulated is long and
slender. For example, underwater deep sea exploration [80] may require grippers that spiral around objects
such as corals. In agricultural applications such as in deweeding or uprooting of a shrub, a spiral grip on
the stem could result in robust manipulation (as shown in Figure 3.1(c)). This paper explores the working
design and modelling of a soft pneumatic spiral gripper (Figure 3.1(d)).
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Figure 3.1: Examples of gripping long and slender objects. (a) An elephant using its flexible trunk to grasp
a log of wood (b) Rigid robot having two end grippers to grip long and slender objects and (c) spiral gripper
on a four wheeled robot used to remove weeds and (d) Soft spiral gripper gripping a tube (this work).
Related work
Recently there has been a steep rise in the number of soft robotic grippers reported in literature. Some
of the earliest work using soft fluidic actuators were presented by Suzumori et al.[81], where finger-like
bending behavior is used to grip small objects including mechanical tools. More recently, Ilievski et al.[82]
developed a pneumatically actuated starfish gripper to manipulate delicate objects like an egg. Most of
these grippers and their variants function by fluid induced bending [81, 83] of soft stretchable chambers
that are differentially constrained. Using this principle, a soft under actuated hand has been developed [78],
which is capable of robust grasping of different shape and sizes of objects. The concept of granular jamming
[84, 85] is used to stiffen the hold of the grippers on objects of various sizes. More recently, there have
been grippers that provide feedback of the object size [86, 87]. With all these developments, state of the art
soft grippers still find long and slender workpiece objects difficult to grasp [78], necessitating exploration of
newer concepts that are biologically inspired.
In rigid robots, the concept of whole arm manipulation [88] has been demonstrated to effectively handle
relatively large objects using the entire body of the manipulator. Whole arm manipulation leads to a
larger contact area between the gripper and the object, thus better distributing the contact forces. Semi-
soft continuum manipulators such as the OctArm [22, 89, 24] have demonstrated this by spirally wrapping
around the object. More recently, a single actuation boa type fiber- reinforced soft actuator[80] has been
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developed to grasp deep sea coral reefs of different sizes and varied fragility. The boa gripper utilizes spiral
coiling, and this was shown to generate larger pulling force than a finger-like bellow counterpart. In this
paper, we investigate a design framework for creating grippers that can spirally coil along long and slender
workpiece objects.
Approach
This work uses the concept of pneumatically actuated Fiber Reinforced Elastomeric Enclosures (FREEs)
[90, 47, 91]. FREEs are quintessential building blocks for soft robots, as they encapsulate fundamental
constituents of designs in literature and nature, namely stretchable skins, fibers, muscles and pressurized
fluids. The most simplified representation of a FREE is a hollow cylinder made of stretchable elastomer
material and reinforced with two families of fibers denoted by angles α and β respectively as shown in
Figure 3.2(a). These are inspired in construction and operating principle by well-known pneumatic artificial
muscles or Mckibben actuators [92, 93]. Based on the fiber orientations, FREEs generate several motion
patterns such as axial contraction, extension, rotation, and screw motion [90]. However, to generate spatial
deformation, a third fiber with orientation that generates curvature is used. The spiral FREE gripping a
cylindrical object is shown in Figure 3.1(d).
Figure 3.2: FREEs and its design space: (a) Structure of a FREE with its deformation parameters (λ1, λ2, δ)
(b) FREEs undergoing extension, rotation and contraction (c) Design space of FREE spanned by its fiber
angles α and β
Preliminary investigations focused on mapping the spiral deformation to the constituent fiber orientations
using kinematics alone, and neglecting the effects of loading and the strain energy stored in the elastomer [93].
On the other hand, high fidelity computational mechanics-based models that capture the soft interaction
between pressurized chambers grippers and objects can be complex, offering little design insight. There
have been other intermediate approaches proposed, where the FREE actuation is captured using simple
axisymmetric models [94, 95] and a global reduced order models such as Cosserat rods is used to capture
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interaction with external forces [96, 54]. In this work, we will first extract the design insights using the
idealized helical model, and then update our understanding using the Cosserat rod theory by taking into
account the actuators self weight due to gravity. This work thus proposes and experimentally validates two
simplified mechanics based models to analyze and design a FREE-based spiral gripper.
The analysis methodology is used to present a design space for spiral FREEs that maps its fiber orien-
tation, size and geometry parameters to the range of objects that can be successfully gripped. The design
space qualitatively predicts the conditions for successful gripping without accurate estimations of gripping
force, its distribution, friction etc. This design space is deemed useful in several applications [90], and this is
demonstrated by an example where a spiral FREE gripper is designed to handle objects of varying diameter.
This chapter is organized as follows. First, we present the materials and methods involved in fabri-
cating and modeling a spiral FREE. This includes experiments for determining the elastomer properties,
and incorporating them into Cosserat rod theory with the inclusion of gravity loading. Then, we apply
the methods to study gripping criterion using FREEs and map them to the fiber orientations. Then, we
experimentally validate our proposed analytical methods. Following this, we present an example of a design
problem. Finally, we end with a summary of the chapter.
3.2 Spiral FREE Design and Fabrication
Simple reduced order models indicate that two families of helically wound fibers yield a kinematically well-
constrained system [97]. These two families of fibers span a design space denoted by angles α and β as shown
in Figure 3.2(a). The popular configuration of contracting Mckibben actuators spans just a line (shown as
AF in Figure 3.2(c)). While Mckibben actuators contract upon pressurization, FREEs can also extend,
undergo axial rotation, and a combination of several motion patterns as shown in Figure 3.2(b). It is the
repository of these deformation modes that can be leveraged to design novel soft robots.
Spiral FREE Design and Fabrication
Two dimensional (planar) and spatial deformation modes can be achieved by addition of a third fiber
constraint to the base elastomeric structure. For example, Figure 3.3(a)-(c) demonstrates that the addition
of a single straight fiber to an extending actuator can result in planar bending (Figure 3.3(b)). Similarly,
adding a single straight fiber to an extending-rotating actuator can exhibit spiral motion [90] (Figure 3.3(c)).
We intentionally refer to the deformation as a spiral and not a helical, as the latter occurs in the ideal scenario
where there is no self weight or any other external force acting. A detailed set of possibilities may arise by
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adding a single fiber at any angle γ to the FREE structure as presented by Bishop-Moser and Kota [90].
For ease in analysis and design, in this work we consider FREEs exclusively with a single straight third fiber
(γ = 0).
The construction of the spiral FREE starts with a base layer of natural rubber latex tubing (Part No:
Figure 3.3: Spatial deformation of FREEs using a straight fiber and modeling. Demonstration of (b)
bending and (c) spiral deformation by adding a (a) third fiber to extending and extending-rotating actuators,
respectively. Estimation of (d) curvature and (e) torsion from extension and rotating parameters.
a038132-025, Latex-Tubing.com). Fibers are then wound in a semi-automated fashion with the desired
angle and orientation. Adhesive agent (Part No: 74725A12, McMaster-Carr) is applied in order to cement
the fibers on the base latex tubing. Finally, this matrix is cured to obtain a composite structure [95]. The
actuator is tested to evaluate its material properties (more on this will be detailed in the Governing equations
section). Then, a straight fiber is glued to this actuator using the adhesive agent in order to convert the
extension and rotation into spiral motion.
Governing equations
The governing equations of FREEs are simplified by assuming cylindrical geometry for both the undeformed
and deformed [94] configurations. For the design space considered for the spiral gripper, this is a reasonable
approximation as no substantial radial changes are observed upon actuation. The deformation parameters
are represented as stretch ratios λ1 and λ2 ( Figure 3.2(a)), which are ratios of the deformed to undeformed
length and diameters respectively. Furthermore, it is assumed that the fibers are inextensible and this leads
















= λ22λ1 − 1 (3.3)
In these equations, α and β are the fiber angles and δ is the axial rotation of the FREE. θ and φ are
the number of turns due to each family of fiber on the cylinder. The volume change in the FREE can be
determined based on Equation (3.3) where V is the initial volume. At this point, there are three unknown
deformation parameters (λ1, λ2, and δ) and three equations given by Equations (3.1)- (3.3). Solving this set
of nonlinear equations, we can relate the deformation parameters to an applied input volume change, ∆V .
In pneumatic actuation, the input is usually controlled by air pressure. We can relate applied pressure
to the FREE deformation by considering the energy stored in the elastomer. We assume that the elastomer
tube behaves as a Neo-Hookean or Mooney-Rivlin hyperelastic solid. The strain energy stored per unit
volume u is expressed as a function of the first invariant (I1) of the Cauchy-Green strain tensor, which are








u = C1(I1 − 3) + C2(I2 − 3) (3.5)
where C1 and C2 are material constants. The third stretch ratio λ3 is the ratio of the deformed elastomer
thickness to the undeformed thickness. As the material is incompressible, the total volume remains constant,
which gives us the relation between the stretch ratios as
λ1λ2λ3 = 1 (3.6)






0 −R2i )L (3.8)
All the terms shown in Equations (3.4)- (3.8) can be expressed in terms of only one deformation ratio
λ1. From principle of virtual work [96] we equate the change in total strain energy to change in work done
by pressure P .
PδV = Vtδu (3.9)
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where δV and δu are virtual changes in the cylinder volume and energy stored in the elastomer and is
expressed in terms of the virtual change δλ1. At any given pressure, by inverting the above equation we
can solve for the corresponding extension λ1 parameter. On solving Equation (3.9) one can express radial
expansion (λ2) and the rotation (δ) parameter in terms of extension (λ1) from Equations (3.1)- (3.2).
Estimation of material properties
To obtain a relation between actuation pressure and extension parameter, we need to estimate the Mooney
Rivlin constants C1 and C2 of the elastomer. We take a small section of the fabricated actuator with fiber
angles α and β, and extension of the actuator at different pressures is measured using a linear encoder. Two
prototypes with the fiber angles shown in Table 3.1 are fabricated and the extension parameter with varying
pressure is experimentally obtained and plotted in Figure 3.4. The analytical estimate of the extension as a
function of pressure can be found by solving equation (3.9), and the values of C1 and C2 are varied until a
good match is obtained with the experiments. These values for the constants are shown in Table 3.1. It is
to be noted that in the pressure ranges that the experiment was conducted (less than 179.264 kPa (26 psi)),
the model reduces to a Neo-Hookean model.
S.No α(0) β(0) C1 C2
1 88 50 0.61 0
2 88 60 0.60 0
3 88 70 0.4386 0
Table 3.1: Mooney Rivlin parameters obtained for different prototypes used for validation and design prob-
lem. α and β = fiber angles of the prototype; C1 and C2 = Mooney Rivlin constants
From Table 3.1, it can be observed that there is a change in the C1 value for different fiber angles.
The fit is for the composite (elastomer and reinforced fibers) and to achieve a uniform density of reinforced
fibers, there is variation in number of fibers reinforced which is one reason for variation in the C1 values. In
addition, the variation in C1 can also be attributed to inconsistencies in the fabrication of FREEs.
A value of E = 7e5N/m2 and G = 4.7e5N/m2 (with Poisson’s ratio 0.5) is used for this analysis. The
FREE is fixed horizontally at one end and allowed to deform. The experimental deformed shape under
gravity is used to fit the value of E using the Cosserat rod equations.
Once we have the information of extension parameter (λ1) and rotation (δ) parameter for different










Figure 3.4: Mooney Rivlin constants fit for two prototypes (500,600), and the prototype used for validation





Where ract is radius of the actuator, ρ is the radius of curvature, and L is the length of the actuator.
3.3 Gripping using Spiral FREEs
The efficacy of a gripper is determined by its ability to restrict relative motion between itself and the object
even under the presence of external forces [98]. In grasping literature, the term force or form closure is
commonly used to indicate the number and type of independent forces required to constrain the object
[98, 99]. The FREE gripper meets force or form closure conditions by spiraling about an object as shown in
Figure 3.5.
Quality of grip: Three scenarios
Consider a FREE spiral gripper undergoing several turns about the cylindrical object that it grips. The
quality of grip is a measure of how uniformly the FREE conforms onto the object. To better highlight these
scenarios, we experimentally evaluate the gripping force as a function of the input pressure for a FREE
gripper operating on two cylindrical objects of radii 15 mm , and 20 mm respectively (Figure 3.5(b)). The
gripping force is the maximum axial force applied to the object to break away from the hold of the gripper,
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Figure 3.5: The three possible cases of spiral gripping. (a) overhang, perfect wrap and curling exhibited by
a spiral FREE with increase in applied pressure. Left image shows the overhang (no contact) and the right
image shows curling (or twisting at a fraction of the end length). (b) Maximum gripping force (measured in
grams) generated by a spiral gripper at different pressures on two different cylindrical objects with radius
20 mm and 15 mm.
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and is found by placing dead weights on the cylinder ends. We observe three scenarios.
• Overhang: This indicates that a part of the FREE length may not contact the object as shown in
Figure 3.5(a) (left insert). This is because at lower pressures, the spiral is just forming, and does not
exactly conform to the object. This corresponds to the initial part of the curve in Figure 3.5(b) where
the gripping force increases slowly with pressure. This scenario is disadvantageous, as it may lead to
lower contact forces, and in extreme cases may fail gripping for not meeting the force closure criteria.
• Perfect wrap: At a certain optimum input pressure the entire length of the actuator is in contact
with the cylindrical object. This may correspond to the nose of the curve in Figure 3.5(b), where there
is a sudden increase in the slope of the force versus pressure curve. This is the scenario that we will
strive to attain. This paper presents guidelines for attaining perfect wrap.
• Curling: When pressure exceeds beyond the perfect wrap case, the end section of the actuator curls.
At these pressures, most of the FREE length resist deformation, and maintain their spiral configuration
due to contact with the cylinder. However, the contact of the FREE tip is still relatively weak, and
only this tip deforms further by bending. Curling may be characterized by a decrease in the slope of
the force vs pressure curve at higher pressures as seen in Figure 3.5(b). Curling is not detrimental, yet
suboptimal since part of the FREE length does not involve in gripping. At higher pressures the onset
of curling may lead to unwinding of the spiral as seen in Figure 3.5(a) (right insert).
For a good grip, we envision the entire actuator length involved in restricting the object from relative
motion. Using the criteria for a perfect wrap, we present a method to determine range of workpiece diameters
that the FREE can grip for acceptable input actuation pressures and/or acceptable strains in the elastomer.
As a simplifying assumption, we will consider the deformed profile to be a pure helix [90], and then extend
the design rules for more general, and realistic deformation that includes the effect of gravity.
Modeling spatial deformation of spiral FREEs: Helix Assumption
In an ideal scenario where no external forces act, spiral FREEs deform helically with a uniform pitch and
radius along its length when pressurized. In this scenario, the radius of the helix reduces and the number of
turns increase as a function of applied pressure. The helix radius and the maximum number of turns may
be limited by the FREE deformation: stretch ratio λ1, and/or applied pressure P , and fiber angles α and β.
In this section, without loss of generality, we consider the workpiece to be grasped as a cylinder with radius
rwp and length lwp. Using simple helical equations, we formulate a design chart indicating the workpiece
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range that can be successfully gripped. This would assist in the design selection of fiber angles and geometry
parameters (radius etc.) of the spiral FREE actuator for a given gripping requirement.
A pure helix is formed due to the combination of a uniform curvature κ and torsion τ acting on a cylinder,





The radius of the cylindrical workpiece rwp gripped by the spiral FREE can be greater than or equal to
rhelix, but corrected for the FREE radius ract and is given as




The curvature κ and torsion τ can be expressed as a function of axial stretch ratio λ1 as seen from
Equations (3.10)-(3.11). The axial rotation parameter δ that occurs in Equation (3.11) can be expressed
with respect to λ1 by simultaneously solving Equations (3.1)-(3.3). The equations are further simplified by
assuming no radial expansion (λ2 = 1 ), due to one of the fiber angles being circumferential (α = 90
0). With
the above substitutions, the ratio of the cylinder radius that can be gripped, rwp to the FREE radius, ract
can be expressed as a function of λ1 and β (one of the fiber angle) as:
rwp
ract














) − 1 (3.14)
The equation reveals that the minimum workpiece radius decreases with decrease in fiber angle β and
increase in axial stretch λ1 (Figure 3.6(a)).
However, this alone does not ensure successful grip. Recent literature on continuum manipulators have
shown the ability to achieve form closure by forming a spiral around an object with less than one complete
turn provided there is a non-negligible friction in the grip [23, 100, 101]. Such a gripping configuration
restrains the object from all sides with sufficient contact points thus ensuring form closure. However, since
the friction coefficient is unknown, or to account for the conservative scenario of very low friction coefficient,
we aim for slightly greater than one complete turn around the object as the necessary and sufficient condition
for gripping.
To successfully spiral around the cylinder forming one complete turn, the FREE must have a certain
minimum length. If the spiral were a perfect helix then the length of the FREE for n turns around the
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Figure 3.6: Insight into selection of fiber angles using the helix assumption. For a given axial stretch of the
spiral FREE, (a) the minimum ratio of work piece radius to actuator radius, (b) ratio of minimum length of
workpiece to actuators radius and (c) ratio of minimum length of actuator to actuators radius needed for a
perfect grip for different fiber angles (β) with α = 900 (* when the parameters are estimated using α = 880
and β = 500)
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where rhelix = rwp + ract and n is the number of complete turns of helix. By substituting for rhelix(from













The above equation determines the minimum permissible slenderness ratio (lact/ract) of the spiraling
FREE required to successfully grip a cylindrical workpiece of radius rwp. This value decreases with increase
in axial strain λ1 and with decrease in the fiber angle β (Figure 3.6(b)). Using this chain of thought, we













The lower limit on the workpiece length lwp shows a similar dependence on λ1 and β as the FREE length
lact (Figure 3.6(c)). Furthermore, it is seen from Figure 3.6(b)-(c) that the minimum workpiece length is
lower than the minimum actuator length.
Figures 3.6(a)-(c) yield insight into the selection of the fiber angle, radius and length of the FREE
actuator, and the corresponding workpiece sizes that it can grip. For example, using the curves of Figure
3.6(c), a FREE with β = 600 and radius ract = 5mm can grip a cylinder of radius rwp= 20mm or more with
a minimum of 15% axial stretch. Even if this condition is satisfied, the grip would fail if the length of the
workpiece lwp is lower than 250mm or the length of FREE actuator lact is lower than 350mm. While this
design space is plotted based on the assumption that the deformation behavior is an ideal helix, introducing
non-idealities can alter the curves presented in Figure 3.6(b)-(c). Deviation from helical deformation is
usually due to body forces such as self-weight and other interaction forces. A mechanics-based model is
required to consider the effect of forces.
3.4 Mechanics-based Modeling of Spiral FREEs
To motivate the need for a mechanics-based model that accounts for the effect of gravity loads, we compare
the ideal helical deformation of the FREE [90] and the exact deformation profile with the consideration of
self weight under gravity (Figure 3.7(a)). The former has a constant pitch, whereas the pitch of the latter
varies with length. It can also be observed that the error between the two shapes is small for small FREE
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lengths [102], whereas for longer lengths, the mismatch is significant. In this work, we envisage long and
slender FREEs, which are greatly influenced by self-weight, thus necessitating the determination of actual
deformed shapes.
In this section, we model the spiral FREE using Cosserat rod theory [96, 103, 104]. Cosserat theory
has been shown to be geometrically exact in three dimensions, and has been used before to predict the
deformed shape of continuum robots. An important assumption that is made here is that the FREE, when
pressurized responds elastically to external loads, which is governed by linear stress vs strain relationship.
We further simplify the model by neglecting axial and shear deformation. This is a valid assumption since
the single straight fiber prevents any change in length of the actuator, and the consideration of slender
FREEs justifies neglecting shear. The equations for static equilibrium for Kirchhoff rod mechanics, and the
solution methodology is presented in Chapter 2. The model gives out the deformed position vectors (r(s))
and its slopes (θ(s) or ṙ(s)) as a function of the FREE length s. Using the deformed parameters of these
models, simple equations can be used to evaluate the minimum workpiece radius, length and other relevant
quantities. These are detailed below.
Determining Workspace Radius for Perfect Wrap
We define the onset of a perfect wrap (from Figure 3.7(b)) as the pressure at which the entire FREE length
begins to contact the cylindrical work piece. At this instant the end curvature of the deformed FREE must
be geometrically compatible with the curvature of the cylinder. It is seen in Figure 3.7(b)-(c) that the
FREE cross-section is inclined an angle θend with respect to the cylinder axis. Thus to ensure geometric
compatibility, the FREE end curvature must be equal to the curvature of an ellipse that results when the
cylinder is sectioned along the inclination angle θend. Such an ellipse is shown in Figure 3.7(d), and its
curvature κellipse at the point of contact with the FREE end is given by:




where rwp is the radius of the cylindrical workpiece, κact is the end curvature of the FREE. To evaluate
κact, we make an important assumption that there is no external moment acting on the FREE end, which
makes its value equal to the curvature evaluated using Equation (3.10). The next term to be evaluated is the
inclination angle of the FREE end, i.e. θend. Here again, we make an assumption that the end inclination
of the FREE upon gripping the cylinder is equal to the end inclination without gripping any object (i.e.
with just self weight acting). The value of the end inclination can be solved by applying the Cosserat beam
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Figure 3.7: Comparison between helical and exact models and perfect grasp scenario. (a) Predicted defor-
mation profiles with and without consideration of self-weight for different FREE lengths. As FREE length
increases there is a larger mismatch in the overall shape (gravity acting in positive Z direction). (b) An
illustration of a perfect grasp scenario. (c) the section along the tangent at end point is inclined to the
cylinder axis and (d) The cut section is an ellipse when viewed along the normal of the plane
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equations as detailed in the second chapter, and is determined by the rotation field at the end.
Evaluation of θend
θend is the angle between the tangent at the end point of the spiral actuator and the central axis of the
cylinder which it can grip as shown in Figure 3.7(c). Let the cylinder axis orientation be vector vc and
tangent at the end point be tend. θend is obtained using the cross product and dot product between tend
and vc as shown in equation below:
θend = arctan(||tend × vc||, tend · vc)
Solving Kirchhoff rod equations provide the orientation information (R) of the spiral actuator in the global
reference frame. The Rotation matrix at any given point (s ∈ [0, L]) comprises of the normal, binormal
and tangent vector information. Therefore, tend is obtained from orientation information (R) at s = L .
In order to estimate the orientation vector vc, Singular Value Decomposition (SVD) is used on the tangent
information of the last 10% of the length of the actuator. We assume that the cylinder axis would be more
aligned in direction normal to tangents of final section.
Thus using Equations (3.18) and (3.10), we relate the FREE end curvature to the minimum cylinder
radius that it can grip.
rwp =
ract(λ1(P )(sin
2θend − 1) + 1 + sin2θend)
(λ1(P )− 1)
(3.19)
where λ1 is the stretch ratio as a function of the applied pressure P , and ract is the radius of the actuator. It
must be noted that while ract term explicitly appears in the Equation (3.19), all other terms in the equation
are implicitly dependent on it.
Determining minimum workpiece length for successful grip
Equation (3.19) can be solved numerically to determine the minimum pressure P required such that the
entire FREE length is in contact with the workpiece of radius rwp. However, a successful grip is realized
only when the FREE is long enough to make at least one turn across the workpiece. If the spiral were a
perfect helix, inclined at an angle θsp with respect to the cylinder axis, then the length of the FREE for n





However, in a practical scenario, the spiral angle θsp is not uniform along the FREE length. It varies
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from a value θend at the FREE end to a larger value at the FREE base. For our purposes we will use the
average of the inclination values through the length of the FREE for evaluating the length. The inclination
values at different points along the length of the FREE can be obtained by evaluating the rotation field R
at these points. Furthermore, to ensure one full turn we use n = 1.25 (if it is a perfect helix as obtained in
previous section, n = 1 assures exactly one turn) in order to accommodate for the deviation from perfect
helix caused due to self-loading.
Similarly, the minimum length of the workpiece lwp that can be accommodated will depend on the






Equations (3.19) and (3.21) determine the minimum workpiece radius and length that can be gripped by a
FREE with the inclusion of external forces such as gravity. The proposed analysis is implemented on two
FREE prototypes whose fiber angles are α = 880and β = 500 and 600 respectively. Their elastomer material
properties are given in Table 3.1. α = 880 was considered instead of α = 900 because of ease of fabrication.
The difference between considering α = 880 and α = 900 for three design parameters (for β = 500) leads
to less than 1% variation as shown in Figure 3.6(a)-(c). The length and radius of the actuators considered
for the analysis are 500 mm and 4.7625 mm respectively. Figure 3.8(a) shows that the minimum grippable
workpiece radius reduces as actuation pressure increases. This implies that larger pressures are needed
for grasping smaller objects. Furthermore, gravity has some effect (approximately 15%) on the minimum
grippable radius especially at lower pressures.
For each pressure value, the minimum length of the FREE required to complete one turn according to
Equation (3.20) is plotted in Figure 3.8(b). It is seen that workpiece with smaller lengths can be gripped at
higher pressures. Furthermore, the inclusion of gravity leads to at the most 40% increase in the estimation
of minimum FREE length at smaller pressures. To summarize, the pure helical approximation may be good
enough for estimating the workpiece radius but yields large errors in estimating the workpiece lengths. This
has implications in the design, as will be seen in the next section.
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Figure 3.8: Comparison of the minimum workpiece radius that can be successfully gripped using the helical
approximation and the mechanics-based model. Comparison of the minimum workpiece length required for
successfully grip using the helical approximation and the mechanics-based model.
3.6 Experimental Validation
We validate our proposed analysis for estimating the exact shape of the spiral FREE and the radius of the
objects that can be gripped in this section on two prototypes. Table 3.2 gives the parameters used for both
the prototypes.
Prototype α(0) β(0) L (m) Radius (m)
P1 88 50 0.392 4.7625e-3
P2 88 60 0.46 4.7625e-3
Table 3.2: Parameters for prototypes used for validation. L is the length of the actuator
Exact shape estimation
To verify the shape predicted by the Cosserat model, the spiral actuator is fixed at one end and is actuated
to different pressures in steps of 13.7895 kPa (2 psi). The shape of the spiral actuator is obtained using a
Microscribe 3D digitizer as shown in Figure 3.9(a)-(b).
The experimental and analytical final shapes of the actuator at 55kPa (8 psi) and 110kPa (16 psi) is
shown in Figure 3.10(a)-(d) with both XZ and YZ views. The end point of the analytical shape matches
the experimental shape with an average error of 5.1 % of total length for first prototype (P1) and 6.1%
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Figure 3.9: Experimental setup and validation of exact model. (a) Setup for data collection for obtain-
ing deformed shape of the spiral FREE using Microscribe.(b) Collecting the final deformed shape using
Microscribe.
of total length for prototype 2 (P2). These measures are reasonable when compared to those reported in
literature for similar models [96]. This validates that the Cosserat model gives a reasonable estimate for the
final shape of the deformed FREEs.
Gripping of objects of different radius
A set of 3D printed cylinders with radius 10, 12, 14, 15 , 20 and 25 mm are used and the range of pressures
at which successful gripping occurs (till curling is observed) is recorded. Figure 3.11 shows the analytically
estimated pressures from the Cosserat analysis and experimentally obtained pressure ranges for different
prototypes. For prototype 2 the analysis provides a reasonable estimate whereas for prototype 1 the analysis
estimates lower range of pressure as observed in Figure 3.11.
3.7 Guidelines for Design
In this section, a design framework is presented for selecting the geometry variables of a spiral FREE in order
to grip different workpiece objects within a given radii range denoted by rwpmin and rwpmax respectively,
and within length range lwpmin and lwpmax respectively. We need to determine the radius of the FREE ract,
its length lact and the fiber angle β that satisfactorily grip the desired workpiece sizes. For this, we first use
the nondimensional curves of Figure 3.6, which are based on helical assumptions, and then verify the design
using a more realistic Cosserat analysis framework. Below, we outline with explanation the different steps
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Figure 3.10: Comparison of analytical (Cosserat model) and experimentally obtained deformation profiles
(XZ and YZ views) at different pressures (axis dimensions in meters). Analytically obtained shape is in
Red and experimental points are in Green (gravity acting in positive Z direction) for (a) Prototype 1 (P1)
actuated at 55 kPa, (b) 110 kPa and for (c) Prototype 2 (P2) actuated at 55 kPa, (d) 110 kPa.
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Figure 3.11: Comparison of estimated pressure for perfect grasp using the analytical mechanics-based model
and experiments for different workpiece radius. The experimental estimates are given as a range of pressures
between onset of perfect grasp and beginning of curling, all identified visually.
in the design process.
In this example, we are interested in designing a FREE-based spiral gripper that can successfully grip
a range of objects between a tubelight and a PVC pipe whose parameters are given in Table 3.3. In other
words, any regular or irregular object whose size lies within the radius and length ranges of these two objects
will be gripped.





Tubelight 11 1.2 2.31 251.97
PVC pipe 30 0.5 6.30 104
Table 3.3: Parameters of the workpiece objects that are required to be gripped. lwpi, length of the object;
ract, radius of the spiral actuator; rwpi, radius of the object
1. Step 1: Choose the radius of the FREE actuator (ract ) based on ease of fabrication. This is intended
as a free choice guided mostly by fabrication constraints, and may have to be smaller than the smallest
workpiece radius. Here we choose ract to be 4.76 mm.













). These will then serve as inputs to Figure 3.6. These values are given in
Table 3.3.
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3. Step 3: Choose the appropriate fiber angle β from Figure 3.6(a) based on the required radius ratios in
Table 3.3. This step offers some freedom, but a prudent choice of β can be made by negotiating the
trade-off between maximum stretch ratio and FREE length. The FREE is maximally stretched when
gripping smaller workpiece radii rwpmin. Thus, a fiber angle is chosen from Figure 3.6(a) such that the
λ1 corresponding to rwpmin/ract (which in this case is 2.31 from Table 3.3) is small and manageable.
From Figure 3.6(a), this may imply choosing a smaller fiber angle. However, smaller fiber angles require
lower stretch ratios to accommodate larger workpiece radius rwpmax as seen from Figure 3.6(a), which
in turn will require larger FREE lengths to complete one full turn around the workpiece as seen from
Figure 3.6(c). Thus, the best choice for fiber angle β would limit the maximum stretch ratio λ1max,
while simultaneously maintain sufficient minimum stretch ratio λ1min to grasp larger workpiece radii.
In this example, we choose β = 700 as it meets both radii within acceptable stretch ratio ranges. The
stretch ratio range [λ1min, λ1max] are recorded for this example in Table 3.4.
Fiber angle (α) λ1min λ1max lwp/ract(at λ1min) lwp/ract(at λ1max)
70 1.1696 1.3443 49.7314 26.7280
Table 3.4: Strains and minimum workpiece length needed when 700 actuator is selected. λ1min and λ1max,
minimum and maximum strains; lwp, length of work piece; ract, radius of spiral actuator.
4. Step 4: Select the FREE length. The FREE length is chosen on the consideration that at least one
complete turn can be obtained while gripping a workpiece of maximum radius and length. It can
then successfully grip smaller objects by wrapping with more than one turn. First, we will design the
FREE length for the maximum radius requirement, and in the next step check to see if it satisfies the
length requirement. The FREE length is thus determined by the lact/ract value in Figure 3.6(c) that
corresponds to λ1min = 1.17. We get lact/ract = 76, thus the length of the FREE is 362mm.
5. Step 5: Check if ratio of length of workpiece to actuator radius is satisfied from Figure 3.6(b). For
the range of stretch ratios [λ1min, λ1max] determined from the previous steps, we obtain the values of
the minimum permissible workpiece lengths from Figure 3.6(b). The two values as seen in Table 3.4,
are 49.7314 and 26.7280, which are both much lower than the ratios in Table 3.3. This implies that
the FREE length chosen in step 3 can accommodate the workpiece lengths. If this condition were
not satisfied, then the slenderness of the workpiece is not large enough to warrant a spiral FREE as a
gripper.
6. Step 6: Exact correction. The previous design steps are based on the helical assumption. Influence of
gravity changes the radius range and the workpiece lengths that can be gripped. For our example from
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the helical assumption we chose the actuator length to be 361 mm. We thus estimated the change
in rwp and lwp for the β = 70
0 FREE using the Cosserat model. The material properties used were
evaluated from our previous test results (C1 = 0.6MPa). The results in Figure 3.8(a)-(b) demonstrate
a deviation in radius and length of workpiece for helical assumption and exact model. Based on this
data, to accommodate for the gravity we select length of the actuator to be greater than 40% of length
obtained by helical assumption. Here we choose it to be 500 mm.
7. Step 7: Exact design space obtained. Now the parameters of the actuator are decided so it is fabricated
and material properties are obtained and finally the pressure versus object radius is obtained and the
pressure at which the actuator grips the objects is determined and is shown in Figure 3.12(a).
Figure 3.12(b)-(c) shows the gripping of the tubelight and the PVC pipe by the designed prototype. Figure
3.12(d) shows that the prototype can also grip a cylinder of varying radius whose values are between the
tubelight and the pipe.
Figure 3.12: Comparing the analytical and experimental pressures to grip the specified objects. (a) Prediction
of the range of work piece radii that can be successfully gripped by the designed prototype as a function of
applied pressure. This is compared with the experimental pressure range for gripping the PVC pipe and the
tube light, as two extreme cases that define the working range for the gripper. Demonstrating the ability of
the designed spiral FREE to successfully grip objects of varying diameters (b) Tube light, (c) A PVC tube
and (d) a workpiece object of varying diameter.
3.8 Discussion
Design of spiral FREEs as grippers involve selecting the fiber angle at the local material scale and mapping
it to the global deformation, which determines the size of the workpiece objects that can be successfully
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handled. Though the effect of gravity on the deformation pattern is considerable, FREE grippers can be
successfully designed using pure helical assumptions alone, if sufficient margins are accounted for during the
process, such as making the FREE length longer than needed as in Step 6. Furthermore, to accommodate
the change in spiral radius of the FREE due of gravity, Steps 2 and 3 can be reworked with a slightly larger
workpiece radii ranges (i.e larger rwpmax − rwpmin). However, it is important that the workpiece to be
gripped be slender, which means that its length be larger than its radius, and specifically much larger than
the ratios in Figure 3.6(b) or Step 5.
3.9 Summary
Gripping action obtained by spirally twirling the gripper around an object can be helpful for handling long,
slender and irregular shaped objects. Although several recent publications have alluded to the usefulness of
spiral configuration using fiber reinforced pneumatic actuators in grasping underwater objects, for snake-like
motion and for navigation in a pipe, there has been no formal attempt in investigating the mechanism and
formulating guidelines to systematically design them. In this chapter, we investigate a spiral configuration
of pneumatically actuated Fiber Reinforced Elastomeric Enclosures (FREEs) with two families of fibers that
are asymmetrically oriented.
The most significant contribution of this chapter is in proposing two simplified mechanics-based models
to analyze and design the FREE-based fiber gripper. The first model considers the deformed profile to be
an ideal helix, while the second considers a Cosserat rod model with gravity forces acting. The Cosserat
model predicts the deformation with an error less than 8% of the actuator length. The two models can
help inform the design of the FREE gripper - the fiber angles, cylinder radius and length - based on the
range of workpiece objects to be manipulated. This has been presented in this chapter through systematic
guidelines. These reduced-order models are important because alternative models such as an extensive finite
element analysis can be time consuming and numerically expensive. We have demonstrated the efficacy
of the reduced-order model through experimental validation by successfully designing a FREE gripper for
grasping a range of slender objects ranging from a tube light to a larger PVC pipe.
Though successful, there are some limitations of the work presented that can be mitigated in future
work. For example, the modeling and design guidelines are limited to a unique class of FREEs with two
families of fibers and a single fiber. Out of these, one fiber family is circumferential (α = 900), the other
family β is a design variable, and the single fiber is axial, running along the length of the FREE. There are
several other classes of FREEs, especially with a single fiber wound helically that yield a spiral configuration
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which are not invetsigated in this work. Furthermore, we limit our consideration to cylindrical FREEs
having circular cross-section profiles, thus precluding the benefits of other cross sectional profiles as seen in
[102]. Finally, we base our conclusions about the ability to grip, and the design guidelines on the deformed
profile by considering only the body loads due to gravity. A more thorough investigation would include
estimating the exact FREE profile, considering contact forces between gripper and the object. This would
better estimate the onset of grip, gripping forces and quality of grip. However obtaining contact forces is
numerically intensive and may not be useful for design.
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Chapter 4
BR2 SOFT CONTINUUM ARM:
DESIGN AND CONTROL
The material in this chapter is taken from [64, 105] with the permission from the publisher.
4.1 Introduction
Motivation
Soft robots are gaining significant attention from the robotics community due to their adaptability, safety,
lightweight construction and cost effective manufacturing [18, 106, 107, 20] and have found use in manipula-
tion, locomotion and wearable devices. In manipulation, Soft Continuum Arms (SCAs) are used to explore
uneven terrains, handle objects of different sizes and interact safely with the environment [20]. Recent efforts
have demonstrated the feasibility of SCAs assisting in activities of daily living and other operations involving
physical human robot interaction [28, 34]. SCAs are predominantly long, slender, and compliant with their
morphology comprising of a combination of muscles and soft appendages similar to octopus tentacles or
elephant trunks [35]. The main motivation of this chapter is to investigate compact SCA designs for use in
autonomous robotic platforms (agriculture, search and rescue etc.) where high dexterity, reachability and
adaptability are required. BR2 design (introduced in Chapter 1) is shown in Figure 4.1.
Approach
The main goal of this chapter is to refine the design of the BR2 SCA to maximally overcome coupling,
study its performance (workspace and dexterity), and demonstrate the feasibility of the refined BR2 SCA
in tasks such as pick and place, obstacle avoidance and whole arm manipulation. The key enabler for
this is a quasistatic forward model based on precurved Kirchhoff’s rod theory [54, 55] that predicts the
deformed profile upon pressure actuation and under external loads. However, the accuracy of the model
depends heavily on its ability to capture how the elastic moduli and actuation of the SCA varies with applied
pressure.
The first major contribution of the chapter is an enhanced parameter estimation scheme that captures
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Figure 4.1: Contrasting the design architecture of conventional soft pneumatic continuum manipulators
consisting of (a) symmetric building blocks (composed of three bending actuators), (b) combination of
asymmetric building blocks (composed of one bending actuator, one clockwise rotating and one counter
clockwise rotating actuator). (c) Deformation modes of BR2 manipulator proposed in this work (Bending
with counter clockwise rotation, bending alone and Bending with clockwise rotation )
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the coupling effect in elastic moduli and pressure-induced actuation from experimental data. The framework
is a spatial extension of similar estimation methods proposed for planar soft robots such as grippers and
pneumatically actuated endoscopes [56, 57, 58, 59]. The second major contribution of the chapter is the
design refinement of the BR2 SCA, where we demonstrate that the coupling-based attenuation can be
maximally overcome by tuning the relative cross section dimensions of the rotating and bending pneumatic
actuators. The refined manipulator is shown to possess a larger workspace and operates at nominal pressure
values thus making it deployable in a low-power autonomous robot platform. The third major contribution
of the chapter is to study the SCA’s quantitative attributes such as workspace and dexterity, and map it to
qualitative attributes such as whole arm manipulation and obstacle avoidance.
The organization of the chapter is follows. In Section 2, the design and working principle of asymmetric
parallel SCA is presented. In Section 3, the experimental and analytical methods used to obtain the forward
model are detailed. In Section 4, the design consideration for reducing the coupling effect is explored. In
Section 5, we validate the forward model and also compare the workspace and dexterity of BR2 SCA with
state of art SCAs. Finally, in Section 6 we demonstrate the capabilities of the BR2 design and end with
conclusions and future work.
4.2 Design and Working Principle of BR2 SCA
In this chapter, we conceptualize a soft continuum arm (SCA) as a parallel combination of soft pneumatic
building blocks known as FREEs. FREEs are hollow cylindrical elastomeric membranes with two families
of fibers wrapped on the surface at angles α and β with respect to its longitudinal axis [46, 95, 47] as
shown in Figure 4.2. FREEs are similar in construction to McKibben artificial muscles [91] but are capable
of generating different deformation patterns that include extension, contraction, rotation, and screw mo-
tion depending on the wound fiber angles. The fabrication methodology of FREEs is detailed in previous
publications [95, 108].
The BR2 SCA consists of three FREEs, one extending FREE denoted by B, and two rotating FREEs
denoted by R (one rotating clockwise and the other counterclockwise). The three FREEs are joined in
parallel and share a seam along its length. The SCA is mounted on a motor controlled swivel base, and
is suspended vertically downwards under gravity as shown in Fig. 4.3(a). The extension in the B FREE
is constrained by the seam leading to unidirectional bending deformation, which in an ideal scenario has a
constant curvature. The combination of the bending and the rotating FREE changes the direction of the
curvature spatially as shown in Fig. 4.3(a), enabling the end of the arm to reach any point in the workspace
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Figure 4.2: Fiber Reinforced Elastomeric Enclosures (FREEs) consist of two families of fibers. (a) Extending
FREEs have equal and opposite fibers, and (b) rotating FREEs consist of a straight and helical fibers. Their
corresponding deformations are shown in (c) and (d) respectively.
at an angled pose. The simultaneous actuation of the swiveling base and the FREEs enable the accessibility
of any region in the workspace through multiple orientations.
We have chosen the fiber angles for the B and the R FREEs based on their ability to maximally bend and
twist . Using the simplified kinematic equations presented in [46], we observe in Fig. 4.3(b) that maximum
possible bending occurs when the the fibers are purely circumferential. However, we choose a fiber angle
of α = −β = 850 as perfectly circumferential annular rings are difficult to manufacture. Similarly, the
maximum possible torsion (axial rotation per unit FREE length) is observed close to α = 600 and β = 00
from Fig. 4.3(c), and is therefore adopted in our design.
4.3 Analytical and Experimental Methods
In this section, we present a Cosserat rod model to predict the static deformation of the continuum arm
composed of asymmetric building blocks. The Cosserat rod model is ideal for continuum manipulators
because they are long, slender and deform as a continuum [55] [109].Use of Cosserat rods for modeling
SCAs, even though not very accurate due to variation in cross section of SCAs, hyperelastic materials, has
been used to model SCAs with reasonable accuracy [96] [35]. However, there are challenges in applying the
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Figure 4.3: BR2 and the selection of fiber angles. (a) The different constituents of the BR2 manipulator.
(b) Curvature as a function of fiber angle for bending (B) and (c) Torsion as a function of fiber angle for
the rotating (R)
Cosserat model for asymmetric building block architecture, which are elucidated in this section. A parameter
estimation method to obtain the parameters for the forward model is also presented.
Precurved Kirchhoff rod model
In Cosserat rod model, we describe the SCA by a curve in space r(s) ∈ R3 with the material orientation
given by R(s) ∈ SO(3) where s is the reference variable given by s ∈ [0, L]. Deformation of the curve is
described by the kinematic variables u(s) and v(s). v(s) is the linear rate of change while u(s) is the angular
rate of change of a spatial curve describing the SCA manipulator. To simplify our analysis, we make the
following assumptions
1. The axial extension and shear are assumed to be negligible.
2. The elastic properties of the rod are assumed to be linear elastic, homogenous and isotropic throughout
the length, but can change with applied pressure.
The first assumption is reasonable because the neutral axis of the rod does not change in length as it coincides
with the seam where the FREEs join. Therefore, we simplify v(s) = [0, 0, 1]T , making rod model into a
Kirchhoff’s model. The second assumption enables the use of a single set of linear elastic parameters namely
flexural rigidity EI, and torsional rigidity GJ . Here, E is Youngs modulus, G is shear modulus, I is second
area moment, and J is the polar area moment of the cross section. This assumption has been used to model
previous continuum arms [96] and is justified because parallel combination of the FREEs stiffen the overall
SCA limiting the material strain, while yet leading to large overall deformations. However, we realize that a
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more thorough handling of the elastic modeling is necessary for greater accuracy, which is currently beyond
the scope of the work. Using the equilibrium equations and constitutive laws with the stated assumptions,
we can obtain the full set of differential equations describing the SCA manipulator deformation given by:
ṙ = Rv (4.1)
Ṙ = Rû (4.2)
u̇ = −C−1(ûC(u− u0) + v̂RT(fb(L− s)ge + fe)) (4.3)
where C = diag(EI,EI,GJ) is the elasticity matrix for bending and torsion. fb is weight per unit length, fe
is the end load. e is direction of gravity and g is acceleration due to gravity. û and v̂ are the skew symmetric
matrices of u and v respectively. The actuation in the model is considered as a constant precurvature κ0
and pre-torsion τ0 that constitute the vector u0 = [κ0, 0, τ0], and are functions of applied pressure in the
rotating and bending FREEs.
Coupling effect due to asymmetric parallel combination
To apply the Kirchhoff rod model, we need to estimate the actuation κ0, τ0 and stiffness EI, GJ as a function
of pressure. However, due to the asymmetric nature of the design, pressurizing the rotating FREE attenuates
the bending of the extending FREE and vice versa. This implies that κ0 is a function of the pressure not
only in the bending FREE, but also the pressure in the rotating FREE. Similar coupling also exists for the
rotation, where the pre torsion τ0 is attenuated by the pressure in the bending FREE. Furthermore, the
flexural and torsional rigidity vary as a function of the applied bending and rotation pressure. The overall
coupling is hard to evaluate using a mechanics-based model because of its dependence on minute variations
in the manufacturing process, and the strength of the interface between the FREEs.
Parameter estimation method
In this chapter, we present an experimental method followed by an inverse model to estimate the two actua-
tion parameters (κB,R, τB,R), and the two stiffness parameters (EIB,R, GJB,R) [48]. The subscripts denote
the actuation pressures in the bending and rotating FREEs respectively. This method can appropriately be
utilized for any continuously deforming soft spatial manipulator where estimating material and actuation
parameters is arduous and dependent on manufacturing. With these parameters determined, the mechanics-
based model, in this case Kirchhoff rod, can be used to predict deformation under various external loading
conditions.
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Estimating decoupled actuation and stiffness parameters
In what follows, we will denote PB,R to imply the pressure in the bending and rotating FREEs respectively.
Here, we will determine the actuation and stiffness parameters in the extreme actuation cases where there
is no coupling between bending and torsion. This occurs during the pure bending case (PB,0) or the pure
torsion case (P0,R). The curvature and torsion measured in the two cases will determine the approximate
upper bounds (κB,0, τ0,R) respectively for these pressure values. This implies κB,R < κB,0, and τB,R < τ0,R
(this is valid only if there is no end load) due to coupling. In order to accommodate the the case when
there is an end load, the upper bound for κB,R and τB,R is set to 1.5 times the value of κB,0 and τ0,R. For
example, to estimate bending only parameters, the SCA is placed on a plane and actuated to a bending
pressure (PB0). The plane is lubricated in order to minimize friction. Bending actuation leads to a circular
deformation and the curvature is calculated from this deformation. This is the curvature value κB,0 at PB,0.
Now the SCA is suspended upside down and actuated to a rotating pressure (P0,R). Using images the twist
angle is recorded and is divided by the length of SCA to obtain τ0,R at P0,R. Now the SCA is held upside
down and actuated to bending pressure (PB,0) and its new shape under the influence of gravity is recorded.
It must be noted that in this case, the SCA may not exhibit a constant curvature. Using this deformed
shape and prior information of κB,0 at PB,0, the EIB,0 is fitted to match the deformed bending shape in
presence of gravity. Using Poissons ratio information (0.5 is used in this case), GJB,0 is calculated as well.
Estimating coupled actuation and stiffness parameters
The procedure involves collecting the shape of the manipulator at different pressure combinations of the
bending (B) and rotating (R) FREEs. The schematic of the experimental setup is shown in Fig. 4.4 (a).
The shape of the manipulator is obtained using a 3D digitizer (Microscribe). The input pressures in the
manipulator and the angle of the swiveling base are set using National Instruments myRIO. The pressure is
controlled using pressure regulator (SMC ITV0050-2UN ). This is followed by an optimization-based inverse
routine to estimate the four parameters by factoring known manipulator length, weight and end effector load
(if any) in the Kirchhoff rod equations (Eq.4.1-4.3).
Let P(B,R) denote the pressures in the bending and rotating FREEs respectively, and both the actuation
(κ0, τ0) and stiffness parameters will be explicitly dependent on them. For a range of these pressures, the
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Figure 4.4: Experimental setup (a) Block diagram of the setup used to control the actuation pressures, base
rotation angle and obtain the deformed shape using Microscribe digitizer . b) Microscribe used to obtain the
deformation of the BR2 manipulator when actuated to 23 psi and 15 psi in bending and rotating actuators
respectively with and end weight of 21 gms (including the weight of end caps). In inset weights used shown.
where κB,R, τB,R, EIB,R and GJB,R are the optimization variables. The values in the denominator corre-
spond to the decoupled parameter estimation from the previous subsection. Furthermore, we impose the
following nonlinear constraints on matching the deformed shape between the experiment and the model.
||ranalysis(end)− rexp(end)|| < ε1 (4.5)
||ranalysis(s)− rexp(s)|| < ε2 (4.6)
Equation 4.5 represents a constraint that the Euclidean distance between the experimental and analytical
end position is within a threshold value, ε1. Equation 4.6 is the constraint that the Euclidean distance
between the experimental and analytical positions throughout ( the entire length is divided into 100 equally
distributed points in this work) the curve are less than a threshold value ε2 which is equal to the maximum
cross sectional dimension of the manipulator.
While an inverse formulation that requires Eqs. 4.5-4.6 to be met may yield multiple solutions, the
objective function seeks to obtain only those solutions that are closest to the collective upper bounds for
both the actuation (κB,0 and τ0,R) and stiffness (EIB,0 and GJB,0) design variables. Furthermore, we
set the ranges of EI and GJ to be 0.1 to 10 times of their values at PB0. These bounds make it a
constrained optimization problem, which together with the constraint (in Eq.4.6) that the entire shape of
the SCA should match experimental shape, turns into an identifiable system [110]. Global optimizer in
MATLAB with fmincon optimization routine that uses SQP method is used, which essentially takes care
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of the non convexity in the system of ODEs. The method of continuation [111] is used to solve the set
of differential equations (as in Eq 4.1-4.3) with the estimated parameters. Method of continuation is used
to solve a numerically difficult boundary value problem, which effectively breaks the problem up into a
sequence of simpler problems. The intermediate solutions are each used as the initial guess for the next
problem. Shampine, Kierzenka and Reichelt [111] have several examples in their tutorial document. Once
the actuation and stiffness parameters are obtained from the inverse analysis, the forward analysis Eqs.
4.1-4.3 can be solved to obtain the deformation shape of the SCA for a given actuation pressure and applied
loads.
Workspace and dexterity
The workspace is obtained by running a forward analysis for several pressure values of R and the B FREEs
within an acceptable range and recording its end position. The weight of the SCA is accounted as a uniformly
distributed load along its length. An end effector load is also included to account for the weights at the
end(end caps/suction cup).
Assuming that the SCA is oriented with bending curvature on the Y-Z plane, any other spatial end
effector positions obtained by actuating the B and R FREEs can be re-positioned into Y-Z plane by rotating
the manipulator about the Z axis (using the swiveling base). Therefore, the resulting workspace can be
envisioned as an area of revolution in the Y-Z plane.
Dexterity is the ability of the SCA end effector to reach a particular position in its workspace with
different possible configurations or orientations. Dexterity is defined quantitatively using a service sphere,
which is a unit sphere centered around the point under consideration. The manipulator tip at the sphere
center may orient itself along a set of directions that correspond to highlighted regions on the service sphere.
A collection of all such regions, known as the service region is indicative of the dexterity. The methods
mentioned in [112, 2] are used to obtain the dexterity of the SCA in this work.





where, ASR(P ) is area of the service region and AS is surface area of the unit sphere. To evaluate ASR
computationally, we discretize the service sphere into M × N patches of equal area [2]. We then evaluate
ASR(P ) by determining the number of patches (No(P )) that can be oriented by the manipulator tip at a
position P . Therefore, the dexterity at a point P in the workspace equals No(P )/(M ×N) .
In order to obtain the total dexterity, the axisymmetric workspace area is evaluated using the Monte
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Carlo method [2] by randomly sampling the input pressures. For each pressure combinations, the forward
kinetic model is used to obtain the end effector positions, which are then rotated to the Y Z plane. The
axisymmetric workspace area is discretized with Np rectangular meshes of length δy and δz. Then, the total









4.4 Design Considerations for BR2 SCA
It is evident that the manipulator’s performance metrics such as workspace and dexterity will be maximum
if no coupling based attenuation occurs. While the mechanics of combination cannot prevent coupling based
attenuation, it can be minimized by tuning the geometry parameters that govern the relative FREE stiffness.
In particular, we explore the dependence of the coupling on the ratios of the B and R diameters. Finally,
we map the actuation and stiffness parameters for the optimized BR2 design.
Exploring relative diameter ratios
To study the effect of relative FREE diameters on the manipulator workspace, we simplify the manipulator
design to a BR architecture. This is similar to the BR2 architecture with only one R and a B FREE [48].
Three BR manipulators with R to B diameter ratios of 1, 2/3 and 1/3 are fabricated using the method
described in [95] and denoted by Prototypes P1, P2, and P3 respectively. The length of the three fabricated
prototypes is 390 mm. The bending actuator inner diameter is fixed to 9.52 mm in all three prototypes.
Thus, Prototype 1 (P1), Prototype 2 (P2) and Prototype 3 (P3) have rotating actuators with diameters
9.52, 6.35 and 3.18 mm respectively. In order to compare these actuators on a common ground, we normalize
the extremities of the workspace for each prototype. We note the pressures in the bending FREE (P iBmax,
where i = 1..3 denotes the prototype number) that deforms it to one full circle on a plane (no external forces
acting and hence has a constant curvature), and the rotating FREE (P iRmax) that leads to a 360
0 axial
rotation. For a given prototype, these will be the maximum actuation pressures for the B and the R FREEs
respectively. Then, we apply pressures within this range for each prototype and digitize the deformed shape
using a microscribe as described in Section 4.3. The pressure ranges and the intermediate discretized values
are in Table 4.1.
Once the experimental shape is determined, the inverse formulation presented in Sec.4.3 estimates the
actuation parameters, which are the uniform pre-curvature (κB,R) and torsion (τB,R) in the B and the R
FREEs respectively. The plots in Fig. 4.5 show how the κB,R and τB,R vary as a function of actuation
50
Table 4.1: Operating pressure ranges for the three prototypes(in kPa)
Prototype RB :RR PB ∆PB PR ∆PR
P1 1:1 248.20 62.05 110.32 27.58
P2 2:3 248.20 62.05 248.20 62.05
P3 1:3 193.04 48.26 413.68 103.42
pressure B and the R FREEs. In Fig. 4.5(a) a strong coupling effect is observed, where the curvature for a
given bending pressure decreases with increasing pressures in the rotating FREE for prototype P1. Similarly,
in Fig. 4.5(b), a decrease in torsion with increase in bending pressure is observed.
Figure 4.5: Exploring relative diameter ratios. Estimated pre- curvature and pre-torsion parameters for
three prototypes P1(φ = 1) (a),(b), P2 (φ = 2/3) (c),(d), P3(φ = 1/3) (e),(f). (φ = rotating to bending
FREE diameter ratio)
The attenuation in curvature κB,R is seen to decrease for P2 and P3, where the diameter of the rotation
FREE is smaller than the bending FREE. While P3 experiences reduced attenuation for bending it requires
higher actuation pressure for rotation. Both P2 and P3 experience reasonable attenuation in torsion.
The end effector position for each prototype is plotted for the pressure ranges shown in Table 4.1. A
surface is fit along the convex hull extremities of these positions for each prototype and its area is used to
compare the workspace. Figure 4.6(a-b) shows the comparison of the end effector positions and the area of
the workspace for the three prototypes. From Fig. 4.6(a-b), it can be observed that the workspace of P2
and P3 are approximately five and eleven times larger than that of P1. Although P3 provides double the
workspace area of P2, the actuation pressure for the rotating FREEs in order to obtain the extreme rotation
is twice that of the bending FREEs. Whereas, we observe that the maximum pressures for both the B and
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Figure 4.6: (a) Spatial workspace and (b) axisymmetric workspace area of prototypes P1, P2, P3.
the R FREEs are in the same range (0 - 248 kPa) for prototype P2. This scenario is preferred as it simplifies
controls, by permitting similar valve pressure presets for both actuators. Maintaining reasonable operating
pressures is important in applications where the SCA is mounted on a movable autonomous platform and
actuated using on board portable compressors (BTC-IIS, specified as 12 V, 11 L/min 193.05 kPa max)[113].
Analysis of the refined SCA
From the analysis of attenuation, pressure ranges and workspace considerations, we choose P2 to be optimal
diameter ratio. Adding an additional R FREE that rotates in the counterclockwise direction does not change
the results. The optimal BR2 manipulator is fabricated with rotating actuators having inner diameter of
6.35 mm and extending actuator with inner diameter of 9.525 mm. As determined in Section II, the fiber
angle which is used for the bending actuator is α = 85 degrees and β = −85 degrees. For the rotating
actuator the fiber angle is α = 0 degrees and β = +/ − 60 degrees. Each of the actuator in BR2 functions
in range between 0 to 193 kPa (28 psi).
The parameter estimation method is used to estimate the actuation precurvature and pretorsion param-
eters of the BR2 manipulator, and the results are shown in Fig. 4.7(a-b). Here, it is assumed that only one
of the R FREEs in the BR2 will be actuated at a time. The results from the parameter estimation method
also capture the variation of the flexural rigidity EI as a function of the pressures in the B and the R FREE
with only one R FREE actuated as shown in Fig. 4.7(c). However, when both the R FREEs are actuated
simultaneously, there is an increase in flexural rigidity and this stiffness as observed in Fig. 4.7(d). In this
scenario, the clockwise and counterclockwise rotations cancel leading to bending deformation alone. The
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flexural rigidity denoted by EI is three times more in Fig. 4.7(d) than in Fig. 4.7(c).
Figure 4.7: Estimating the (a) Pre-curvature,(κ0) and (b) pre-torsion(τ0) as a function of pressures in R
and B FREEs in the BR2 SCA. Estimating the flexural rigidity,EI in the BR2 manipulator as a function
of pressures in R and B(c) when one bending and one rotating actuator is actuated,(d) when one bending
and both rotating actuators(to same pressures) actuated.
Feasibility Check: From Fig. 4.7(c)-(d), the maximum and minimum value of EI is .03400 Nm2 and
0.01148 Nm2 respectively. Using parallel axis theorem and considering each FREE as an annulus, the area
moment of inertia for the BR2 structure is calculated with respect to axis corresponding to the seam of BR2
as :
I = IB +ABr
2
Bo + 2(IR +ARr
2
Ro) (4.9)
where rBo and rRo are the outer radius of bending and rotating FREE used. The wall thickness of both
FREEs is 7.93 mm and IB and IR are area moment of inertia of bending and rotating FREE. It is assumed
that the FREEs do not radially deform on actuation. The I is obtained as 2.6e−9m4. Using this approximate
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value, the range of E is in between 4.4 Mpa and 13 Mpa which lies in the feasible range for latex material
[18, 96, 108].
4.5 Validation, Workspace and Dexterity of BR2 SCA
Now that the design and actuation parameters for BR2 are mapped in Fig. 4.7, forward analysis can be
used to obtain the deformed profile of the manipulator under action of external forces using the equations
presented in Eqs. 4.1-4.3.
Validation
It must be noted that the actuation and stiffness model parameters that are fed into the rod equations are
estimated under a certain fixed loading condition (self weight and a nominal end load). Thus, to validate the
model, we apply different end effector loads and observe if the model still captures the deformation profile
within reasonable accuracy. Towards this, we define an error metric that captures the difference between the
end effector position estimated from the modeling framework and the experimental measurement, normalized





where r(l) is the end effector position found by solving Eq. 4.1. The experimental end effector position
r(l)exp is measured from the Microscribe digitizer for 165 combinations of actuation pressures.
The BR2 is actuated to bending and rotating pressures of 158.5 kPa (23 psi) and 103.4 kPa (15 psi)
respectively. The end effector is loaded with weight of 21 gms (end cap weight of 3 gms included) as shown
in Fig. 4.4(b) and the end positions are collected and compared to the forward model. Figure 4.8(b) shows
that the errors are less than 25 mm for the load applied, which is similar to the error range evaluated under
no external loads. Furthermore, the errors in clockwise rotation was found to be relatively more than the
errors obtained in counterclockwise rotation, which indicates some asymmetries in manufacturing of the two
rotating FREEs. Figure 4.8(a) shows the histogram of error metric. The minimum error is 2.2 mm and
maximum error is 54.6 mm. The mean error is 25.4 mm which is 8.19% of the manipulators length.
Workspace and Dexterity of BR2
Using the method mentioned to obtain workspace in Section 4.3, the axisymmetric workspace of BR2 SCA
is obtained.This axisymmetric workspace area was estimated to be 0.0243 m2. In contrast a single-section
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Figure 4.8: Validation of forward model. Error metric (a) between the analytical and experimental end
points and (b) with varying loads when clockwise rotation is actuated and counter clockwise rotation is
actuated to 15 psi. The bending actuation is 23 psi for both the cases.
symmetric manipulator with three bending segments in parallel as shown in Fig. 4.1(a) will be able to bend
along an axisymmetric curve alone, shown as a dark curve in Fig. 4.9(a).
The axisymmetric workspace of the SCA changes with external load acting on it. With greater end
effector loads, larger actuation pressures are required to attain higher curvatures. The loads will also affect
the overall torsion. The forward analysis is used to obtain the axisymmetric workspace under varying end
load applied (0-50 gms) to the SCA. In order to obtain a unitless metric to compare the axisymmetric
workspace we divided the workspace area with L2 in Fig. 4.9(b), where L is the manipulator length. The
reduction in the workspace area is clearly observed with applied load in Fig. 4.9(b) (with almost a 72%
reduction for 50 gm applied load when compared with 10 gm load).
To demonstrate the dexterity of the BR2 SCA, all the reachable positions are plotted in a scatter diagram
of Fig. 4.10(a) to show the workspace and a color bar is used to indicate the dexterity distribution across
the workspace. The dexterity simulations are carried out in MATLAB 2017b on a WINDOWS 10 64 bit
platform with Intel Xeon 3.40 GHz CPU and 8.0 GB RAM. The pressure range for each of the actuator in
FREE is between 48.26 to 193.05 kPa for the bending FREE and 0 to 193.05 kPa for the rotating FREE.
When one rotating FREE is pressurized, the pressure in another rotating FREE is set to zero. 107 samples
are randomly collected from the pressure ranges. Then the forward model is used to calculate the position
and orientation of the end in each sample configuration.
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Figure 4.9: Analysis on BR2 (a) Axisymmetric workspace of the BR2 manipulator and B3 manipulator.
Variation in the workspace with increasing (b) end load. The axisymmetric workspace of the BR2 manipu-
lator with an end load of 8 gms and 50 gms is also shown in inset.
As explained earlier, the tip position is moved to the Y-Z plane by actuating the rotating base to obtain
the axisymmetric work area. The position and orientation of each sample is tagged with four patch numbers
Y ,Z, M and N . Those having the exact same four tags are merged to one pair of position and orientation.
Then for a given position, the number of different orientations are evaluated to calculate the total dexterity.
The discretization parameters are set to δy = 5 mm, δz = 5 mm, M = 60 and N = 30. All the
approachable positions are plotted in a scatter diagram
We highlight two points in the workspace in Fig. 4.10(a), one of which exhibits the maximum dexterity
with D(P1) = 0.0194, and another random point with dexterity D(P2) = 0.0144. The service sphere[2] in
this case is divided into 1800 equal regions. So a dexterity value of 0.0144 indicates BR2 can reach the
given position in 26 (1800 x 0.0144) different configurations . The corresponding service regions in their
respective service spheres is shown in Fig. 4.10(b)-(c). The overall axisymmetric workspace area for the
manipulator is 0.0243 m2 and the total dexterity is 0.0061 . In contrast, a single section manipulator with
three symmetric bending segments such as the one shown in Fig. 4.1(a), will be able to reach a point on
the workspace in only a single orientation which yields a total dexterity of 0.00055 (when the surface area
of service sphere is divided into 1800 equal regions), which is at least ten times lower than the dexterity
of the BR2 manipulator. As with workspace, at least one serial segment needs to be concatenated to the
symmetrical architecture of Fig. 4.1(a) for higher dexterity.
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Figure 4.10: Dexterity of BR2 manipulator (a) Dexterity distribution in its axisymmetric workspace (color
indicates dexterity at each position patch). Gravity is acting in positive Z direction. The actuators base is
at origin. XZ view of the service regions of BR2 at position (b) with maximum total dexterity 0.0194 and
(c) with total dexterity of 0.0144
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4.6 Demonstrating the Capabilities of BR2 SCA
From understanding the manipulator performance from the previous section, we have demonstrated that the
BR2 manipulator on a swiveling base can operate within a three dimensional workspace that results from an
axisymmetric surface of revolution. Furthermore, the dexterity analysis reveals that there are several regions
within the workspace that are reachable in more than one orientations. In this section, we demonstrate the
capabilities of the manipulator that directly result from its workspace and dexterity.
Obstacle avoidance
In this exercise, we demonstrate the ability of the manipulator to reach a desired location by avoiding
obstacles. The manipulator end effector is required to reach a ball of radius 35 mm placed at the location,
which corresponds to a dexterity of 0.0144 as shown in Fig. 4.11(a). While this position can be directly
reached by actuating the bending FREE alone (the first row in Table 4.2), a cylinder is placed to obstruct
this deformation mode. Nevertheless, we demonstrate that the manipulator tip is able to reach and touch
the ball when either rotating FREE is actuated together with the bending FREE. The pressures required
to reach the ball from the left or the right are shown in the second row entries of Table 4.2. In contrast, the
symmetric design of Fig. 4.1(a) would not be able to avoid the obstacle unless a second serial segment were
concatenated to it.
Table 4.2: Actuation pressures for the BR2 manipulator in order to reach the location of ball. (All pressures
in kPa)
PB PRC PRCC
1 52.4 0 0
2 99.8 124.8 0
3 104.8 0 131.62
Whole arm gripping
The BR2 manipulator is capable of using its entire length to spirally wrap and grip long and slender objects.
In previous work the authors [108] have demonstrated a single spiral FREE to grip cylindrical objects of
different radii. The BR2 manipulator is also capable of spiral motion, because of its ability to generate
simultaneous curvature and torsion. Furthermore, the pitch of the spiral can be varied depending on the
relative pressures on the rotating and bending FREEs. However, for successful gripping, the spiral must
generate at least one complete turn along a cylindrical object to ensure force (or form) closure [108]. For
the pressure ranges for the given length considered in our work, the BR2 falls short of one complete spiral
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turn. In this exercise, we actuate the BR2 to larger pressure ranges, and demonstrate its capability to grip
cylindrical objects. In Fig. 4.11(d) we demonstrate a cylindrical object of varying ranges diameter from 30
mm to 60 mm being gripped using the entire length of the manipulator. The diameters of the cylindrical
objects and corresponding actuation pressures are given in Table 4.3. In contrast, the symmetric design of
Fig. 4.1(a) cannot spiral, unless more than two sections are concatenated in series.
Table 4.3: Diameter of cylindrical objects(Φ and corresponding actuation pressures used to grip the cylin-
drical objects. (All pressures in kPa)
S.No Φ (in mm) PB PRCC
1 30 mm 206.8 234.4
2 40 mm 165.4 206.8
3 50 mm 206.8 193
4 60 mm 255 124
Pick and place operations
Here, we demonstrate a pick and place operation and study the effect of the external load in planning the
manipulator path. For gripping an object, a vacuum suction cup 3 gm mass is fixed at the manipulator end.
The manipulator is required to move from its home position P0 = [0 mm , 0mm, -310 mm], to position P1
= [0 mm, 120 mm, -255 mm], where it picks up the object and to position P2 = [56.3 mm, 152.3 mm, -211.5
mm], where the object is dropped off, and then back to P0. These paths are shown in Fig. 4.11(e). To trace
this path without picking and dropping the object, i.e. under the no load condition, the pressures applied to
the bending and rotating FREE are shown in the first two rows of Table 4.4. However, if a ping pong ball of
weight 2.7 gm were to be picked and dropped, then the path P1 − P2 operates in an attenuated workspace
shown in the top inset of Fig. 4.9(b). A larger pressure shown in Table 4.4 is required to successfully place
the object in its target position. When the task is repeated using a heavier golf ball (with weight 46 gms)







P0 - P1 0 56.5 0 0 Y
P1 - P2 0 110.3 103.4 49 Y
P1 - P2 2.7 144.8 124.1 25 Y
P1 - P2 46 131 6.9 30 N
instead of a ping pong ball, the manipulator could not reach the position P2 as seen from the attenuated
axisymmetric workspace with 50 gms load shown in Fig. 4.9(d) (bottom inset). This demonstrates the effect
of end load on the manipulator’s reachable workspace. Though an open loop control policy has been used
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for this exercise, it demonstrates the importance of factoring the external load in formulating control policies
for manipulation applications. Furthermore, there could be multiple actuation strategies in planning a given
path. This can be seen in Fig. 4.11(f) the manipulator is picking a golf ball and is placing it in the bin
located at a position to its left using only bending actuation and rotating base. A similar task to place the
ball in a bin to its right can be performed by actuating (Fig. 4.11(g)) bending and rotating FREEs.
Figure 4.11: BR2 capabilities. Obstacle avoidance (a) The manipulator able to reach the ball using bending
and counter clockwise rotating actuator, (b) using only the bending actuator, unable to reach the desired
position due to presence of an obstacle (c) able to reach the ball using bending and clockwise rotating
actuator. Whole arm gripping (d) BR2 manipulator gripping cylinders of diameters 30mm, 40mm, 50mm
and 60mm respectively. Pick and place operation (e) Ping pong ball picked using vacuum suction and placed
at a new location (f) Golf ball picked and dropped in a bin using only bending and rotating base (g) Golf
ball picked and dropped in a bin using bending and rotating actuators
4.7 Control of BR2 SCA
Note: This work is done in collaboration with Sreeshankar Satheeshbabu.
An analysis of the workspace and dexterity of the SCA through a data-driven Cosserat model [48] high-
lights two important characteristics that pose potential challenges for control: (a) workspace attenuation due
to load and (b) redundancy. Towards addressing these challenges, we investigate a model-free reinforcement
learning strategy that uses DDPG to train a control policy for end effector path tracking in simulation under
quasi-static conditions. Furthermore, we demonstrate that the control policy can be effectively transferred
from simulation to the prototype by employing a state feedback of the end effector implemented within a
motion capture environment. The feedback minimizes the errors due to aforementioned factors and modeling
inaccuracies in the Kirchhoff model. The control policy and its proposed implementation can potentially set
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the stage for developing future control schemes built on transferring knowledge directly from simulation to
prototype.
As opposed to our previous Deep Q-Network (DQN) control policy work [68] on the BR2 SCA, this work
analyzes the SCA when mounted on a swiveling base. The swiveling base enhances the ability of the SCA
to reach larger workspace volume. In addition it has been shown in previous sections that the BR2 SCA on
swiveling base has also improved dexterity. As any given position can be achieved in multiple configurations,
redundancy needs to be considered in the control policy which was not explored in previous work.
The main features of the BR2 SCA can be summarized as follows: (i) The spatial workspace and dexterity
is substantially attenuated by gravity and end effector loads[68][64], (ii) the stiffness of the manipulator
changes due to pressurizing the rotating member of the SCA[64][108], and (iii) the deformed end effector
position is not commutative with respect to the order of actuation due to effects of hysteresis.
4.8 Model-free Control Scheme
The BR2 features mentioned in previous section pose challenges for establishing a robust control policy,
which is required to be invariant to external loads and order of actuation. Furthermore, the control policy
must be stable for points in the unreachable workspace and in the discontinuous regions of the workspace.
As mentioned previously, model-free techniques require to be trained with large data sets which render direct
learning from the prototype impractical. Thus, in this paper the control scheme is trained on the Cosserat
model developed in previous work[48], and implemented on a prototype using a state feedback to account
for the biases. The details of the implementation are explained in the following sections.
Markov Decision Process and Q-Learning
The use of reinforcement learning on a robotic system requires it to be abstracted and represented as a
Markov Decision Process (MDP). An MDP is characterized by states (s), actions (a) and rewards (r)[114].
Assuming the simplest form of representation, the swiveling BR2 manipulator is abstracted as follows:
• State (s) : The state is a 6D vector encoding the error of the tip position and the actuation inputs.
s = [δx, δy, δz, Pb, Pr, Pθ], where the first three components describe the position error with respect to
a target and the last three components are the bending, rotating and swiveling inputs.
• Action (a) : Each component of the swiveling BR2 is capable of continuous action, the upper bounds
on which are, 31.2kPa in bending, 96.5kPa in rotating and 60o in swiveling. Previous work [68] was
limited to having a finite set of possible actions.
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• Reward (r) : The reward quantifies the effect an action has on the manipulator’s tip position vis-a-vis
the target. A reward system with an inductive bias is used to speed up the learning process. In our
implementation,we use the L2 norm between the current tip position and target position to determine
the reward and any action bringing the manipulator closer to the target returns a higher reward than
an action moving it away from the target. The reward structure is described as follows:
r =

+100, errcurr ≤ ε
−2 + errcurr, P > Pmax || iter > itermax
−2 + errprev − errcurr
(4.11)
The reward is structured to penalize every transition made by the system, forcing it to learn a path
to the target with the fewest steps. The system is rewarded a large positive value when the target is
reached within a threshold (ε = 1.5 cm). Furthermore, the reward structure also penalizes any action
that forces the pressure in the actuators to exceed the prescribed limits. This prevents the system
from getting stuck at the outer boundaries of the workspace where any additional pressurization does
not change the position of the manipulator.
Q-Learning is a model-free RL technique that identifies an optimal action-selection policy for a given
finite MDP. It is grounded on learning an action-value function which gives the expected utility for a given
action when the system is at a particular state. A policy, Π, is a rule that the agent follows in selecting
actions, given the state it is in. The value iteration update of the Q function follows the Bellman equation
and is given as:
Qt(st, at) = Qt(st, at) + α(rt + γ maxa Q(st+1, a)−Qt(st, at)) (4.12)
where st : is the state of the system at time t, at : the action it has taken to reach the new state st+1, rt
is the reward for taking action at, α is the learning rate, and γ is the discount factor.
Deep Deterministic Policy Gradient (DDPG)
DDPG [69] is a well established model-free RL approach suited for continuous control applications. Our
implementation of DDPG uses an actor-critic formulation to enable generation of complex and robust policies.
The “actor” network accepts the current state of the BR2 as input and generates a continuous action as the
output. The “critic” network evaluates the quality of the state-actor tuple. The aim of the RL framework is
to maximize the Q−values obtained from the critic network as a function of the weights of the actor network.
We adopt a framework using experience replay and soft updates to ensure robustness and stability during
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the learning process. The critic network is updated using Eq. 4.12 and the actor uses gradients obtained
from the “Deterministic Policy Gradient” theorem [115]. The gradient from Eq.4.13 is used to train actor
network using a stochastic gradient ascent approach. The gradient of the Q-value with respect to the actor
weights is given as
∇θQ = E [∇θµ(s|θ)∇aQ(s, a = µ(s)|w)] (4.13)
where w and θ are the weights of the critic and actor networks, µ is the actor policy and a is the action
output from the actor network.
Exploration Noise: The efficacy of RL-based control strategies depends on the ability of the robotic agent
to explore the state-action space effectively during training. Exploration is carried out by incorporating noise
into the control actions dictated by the actor network. We use an “Orienstein-Uhlenbeck” (Eq.4.14) process
to generate noise [69]. The magnitude of the noise is directly proportional to the size of the step taken
by the agent. Consequently, larger action would incur greater noise thereby increasing the chances of the
agent becoming unstable (exceeding maximum input levels or overshooting the target). Therefore, while the
reward formulation promotes taking larger actions, the exploration noise favors taking smaller actions. The
combined effects of these two factors enables the agent to take moderate steps that converge to the target
effectively.
δa = Φ(ζ − a) + σN (0, 1) (4.14)
where ζ is the long term mean, Φ is the decay rate and σN (0, 1) is the variation or size of the noise.
Testing and Results
In this section, we detail the validation scheme adopted to ascertain the efficacy of the control policy in an
open loop and closed loop setting. Validation is performed in simulation and on a prototype. In simulation,
we validate the load independence of the generated control policy for different curves traced by the end
effector, and establish an upper bound on the maximum end effector load that the system can accommodate
for the prescribed saturation limits for inputs.In addition, we also investigate the stability of the system
for points in the unreachable workspace. In simulation, we also demonstrate the capability of the system
to effectively navigate a discontinuous workspace without the need for an external path planner. Finally,
experiment results are presented for curve tracking conducted on a BR2 prototype.
63
Simulation Results
The DDPG framework is trained using an actor and critic network each having two hidden layers with 500
neurons each. The outputs for the actor are bounded between -1 and +1 using tanh activation functions.
An Adam optimizer is used to train the network using backpropagation with a learning rate of 2e−5 for
the actor and 1e−4 for the critic network. The soft update parameter is set to 1e−2 and the framework is
trained for 100000 episodes. In Figure 4.12, the mean and standard deviation for the reward at intervals of
every ten thousand episodes is presented. It can be observed that the average rewards earned asymptotically
converge to the maximum value of 100 and the variation in the reward converges to a constant value. The
system achieves a success rate of 98% after training for 100000 episodes. The framework is validated on
Figure 4.12: Training plot for 100000 episodes
three curves: (i) Horizontal line, (ii) Circle and (iii) Viviani’s Curve. Figure 4.13 illustrates the curves and
the configurations of the manipulator during path tracking. Figure 4.13 also details the variation in the
input to the BR2 as a function of waypoints. Lastly, the tip position error is bounded to ≤ 3.0 cm (≈ tip
diameter of the BR2). A more rigorous error analysis is detailed in the following paragraph.
Effect of Loading As demonstrated in [64], end effector loading can have a significant impact on the
reachable workspace. Therefore it becomes important to validate any control strategy’s effectiveness in the
presence of external loads. Towards establishing an upper bound on the load that our control strategy can
adapt to, the following study is conducted. The manipulator is loaded at the tip with a point load and the
path tracking task executed. The BR2 weighs ≈ 30g and we choose three loads (3g, 6g and 9g) corresponding
to 10%, 20% and 30% of the body weight to assess the efficacy of the control policy. The loads are also
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Figure 4.13: (a) Validation curves in simulation for assessing the performance of control policy. (b) Variation
in inputs for line (black), circle (red) and viviani’s curve (magenta). The swiveling BR2 modulates three
inputs to reduce position error for each waypoint. All curves lie in the reachable workspace. The following
error statistics are reported for each curve: 0.83±0.30 cm for horizontal line, 0.71±0.21 cm for circle and
0.93±0.57 cm for viviani’s curve.
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chosen to maximize the reachability of the waypoints of the test curves being tracked for the prescribed
actuation limits. It can be observed that the error for varying loads remains bounded and displays similar
trends that are characterized by valleys and peaks as shown in Figure 4.14. The peak errors correspond to
points that fall outside the reachable workspace. Table 4.5 details the error statistics for the study. Note:
Certain configurations (shown in red) in the loaded conditions could not be solved as the boundary value
formulation of the Kirchhoff rod model was unable to converge to a feasible solution (with meshsize of 100).
However, as seen later, the control framework is able to compensate for such irregularities and perform
effectively even for such configurations.
Figure 4.14: Variation in tip position error for the three test curves for different tip loads. The trend
indicates an adaptable policy that is able to account for loads as high as 9g. Trends in the error variations
are accompanied by peaks (highlighted in teal) which correspond to points that lie outside the reachable
workspace. Points shown in red correspond to configurations that did not converge to a solution. At higher
loads (> 9 g) the manipulator is not able to effectively navigate the workspace for the prescribed actuator
input limits.
Table 4.5: Error statistics for effect of external loads. Error is reported in cm.
Curve 3g 6g 9g
Line 0.82±0.22 0.79±0.34 0.76±0.42
Circle 1.23±0.75 1.23±0.72 1.84±2.34
Viviani’s Curve 1.34±1.04 1.40±0.95 1.37±0.89
Effect of Reachability In this study we analyze the systems capability to handle points in the unreachable
workspace. While a simple inverse kinematics formulation would potentially return infeasible solutions in
such cases, an RL-based system is able to overcome these limitations. 200 random target points are sampled
from the reachable workspace and perturbed such that they become unreachable. The points are perturbed
along the vector connecting the point to the origin. The maximum perturbation corresponds to a magnitude
of 8 cm. The performance of the system is measured as a difference between the actual position reached by
the BR2 and the point in the workspace that is closest to the target. Figure 4.15 details the results from this
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study. In most instances (76%) the system is able to obtain errors smaller than the induced perturbation by
finding better manipulator configurations. In certain configurations the error remains larger, and this was
found to occur at the boundaries of the workspace.
Figure 4.15: Variation in position error due to induced perturbation. The average perturbation is 3.9±2.3
cm and the average reported system error is 2.6±2.7 cm.
Effect of Workspace Discontinuity In this study, when training in simulation we intentionally create
a discontinuity in the BR2 workspace by limiting the swiveling base rotation to ±600 as shown in Fig.
4.16. The discontinuity makes navigating the workspace challenging. Traversing to a target point would
necessitate taking large steps using more complex policies such as the use of spatially localized exploration
techniques. Furthermore, trajectory optimization for path tracking may prove ineffective in such scenarios
[116]. In Figure 4.16, three trials consisting of two points that lie on either side of the discontinuity are
chosen and the BR2 is instructed to move between them. With the inclusion of input pressures in the state
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and extensive bootstrapping of the workspace during training, the DDPG framework learns to navigate
around the discontinuity towards the target.
Figure 4.16: Three paths taken by the BR2 when moving from points in regions 1→2→3. The points are
separated by a discontinuity that the manipulator cannot navigate across. The paths taken demonstrate
the DDPG’s capability to account for discontinuities in a manipulator’s workspace.‘+’ target waypoints, ‘•’
intermediate waypoints chosen by the system. The dashed lines are the vectors connecting consecutive way
points.
Experimental Results and Bias Mitigation Using Feedback
We hypothesize that a learned control policy tuned in simulation for path tracking, can perform to the
same degree of accuracy in a physical prototype (as in simulation) by incorporating state feedback. Towards
studying the effect of feedback, path tracking experiments were conducted and compared in both open loop
and closed loop settings. As seen in Figure 4.17, eight VICON T40 motion capture cameras are used to
capture the tip position of the BR2. Transferring a control policy from a simulation to prototype will result
in position errors due to biases from two sources: (1) Static inaccuracies, that arises from factors including
precurvature of the actuators, hysteresis and varying control resolution between simulation and prototype
and (2) approximations of the model used for training in the simulation. The combined error from these
sources manifests as large position errors which is reported in Figure 4.18 a-c (yellow lines) when an open
loop scheme is implemented. To overcome these effects, the manipulator is incorporated into a feedback
system and the bias mitigation can be observed in Figure 4.18 and Table.4.6.
Figure 4.18(d) illustrates the trend in the number of transitions as reported during the studies. We observe
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Figure 4.17: Experimental setup for feedback control deployed on the BR2 manipulator. BR2 tip position
is tracked using a VICON motion capture system using eight VICON T40 cameras.
Figure 4.18: Effect of feedback on tracking error for (a) Line, (b) Circle and (c) Viviani’s curve for unloaded
and loaded conditions. The feedback errors are observed to be bounded for all points within the reachable
workspace while points outside the reachable workspace have larger errors. (d) Variation in the average
number of steps for different curves in simulation and experiments. Note: The maximum number of steps is
set to 15 for each waypoint.
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Line 3.45±1.02 1.01±0.49 1.10±0.58
Circle 5.77±2.08 1.21±0.61 1.13±0.51
Viviani’s Curve 4.81±2.23 1.32±0.97 1.91±1.47
convergence to minimum error more quickly in simulations compared to experiments. For experiments, the
loaded configurations take more steps when compared to configurations with no load. This can be attributed
to the system compensating for additional tip deformations (due to tip load) that could not be accounted for
during training. Finally, the number of steps also increases with the complexity of the curve being tracked.
The BR2 SCA with DDPG control policy with the state feedback is also successful in reaching a desired
target position with different end loads. In Figure 4.19(a) and (b) it is shown that the tip is loaded with
varying loads. The system is commanded to reach a target point (as shown in Figure 4.19(a)) with loads of
8, 12, 16 and 20 g. The control policy is stopped when the end tip reaches the target position with an error
less than 3 cm. The number of steps taken for each loading condition is shown in Figure 4.20. As the end
load increases it is observed to take more steps to reach the target. The SCA successfully reaches the target
position in all the given loading conditions (as shown in Figure 4.19(c)). This shows the ability of the policy
to work with different loading conditions. The control policy is deemed useful in pick and place operations
where the exact load of the object is not known apriori.
4.9 Conclusions and Future Work
This chapter presents a unique and compact design for a single section Soft Continuum Arm (SCA) through
an asymmetric combination of pneumatically actuated building blocks. We demonstrate that the combina-
Figure 4.19: Ability of trained system to compensate for external tip loading. (a) Initial rest position of the
SCA with a suction cup attached at the end, (b) Adding loads at the tip of the arm (inset shows the box
(8 grams) and loads (each weighing 0.4 grams) used), (c) BR2 reaching the target position with end load of
0,8,12,16 and 20 grams and (d) number of steps taken by the policy to reach the target with an error less
than 3 cm
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Figure 4.20: Number of steps taken by the policy to reach the target with an error less than 3 cm for different
loads.
tion of one Bending (B) and two rotating actuators (R2) result in spatial deformation modes with a three
dimensional volumetric workspace and sufficient dexterity to reach different points in the workspace with
varied orientation. Such a design is deemed compact with just three parallel actuation channels as opposed to
state of the art pneumatic continuum manipulators that utilize multiple serially actuated segments to achieve
similar workspace and dexterity. Thus, the BR2 SCA is potentially useful in autonomous battery-powered
mobile platforms for use in agriculture and search and rescue operations.
The asymmetric architecture though functionally advantageous suffers from coupling, and an attenuation
of the workspace. The chapter formulates a Kirchhoff’s rod model to predict the SCA deformation and,
through inverse analysis aided by minimal experimental data, is able to capture the coupling in actuation
and stiffness parameters. Furthermore, the chapter demonstrates that the coupling-based attenuation can
be maximally overcome by tuning the relative cross section dimensions of the bending and the rotating
actuators. Apart from coupling, it was observed both from analysis and experiments that the SCA workspace
was attenuated by external loads. Due to the large nonlinear nature of deformation, the effect of loads can
be important when considering control policies.
In this chapter, we also present a model-free learning-based control scheme of a spatial soft continuum
arm trained in simulation and subsequently deployed on a prototype for path tracking. The robustness of the
control policy is investigated in simulation for effects of loading, reachability and workspace discontinuity.
Our analysis supports the hypothesis that control policies learnt in simulations can be effectively transferred
to prototypes using state feedback to offset real world biases. Our system reports an average closed loop
error of 1.2 cm compared to 7.1 cm in an open loop scheme. The effective transfer of learned policies
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becomes important for SCAs for two reasons. It can account for (i) variations in SCA structural properties
between different prototypes and (ii) warping of the SCAs’ shape due to repeated cycles of actuation and
loading. Future work includes an investigation into the effect of simulation accuracy/granularity on the
efficacy of transferred policy, incorporating features of obstacle avoidance, controlling tip orientation along
with position (pose control), accounting for dynamics for fast-paced applications where tip oscillations can
have an adverse effect on tracking performance and finally to include dynamics of the SCA in the control
policy.
In future work we would like to explore sensing the SCA shape and controlling its end effector position
under both quasistatic and dynamic environments. We plan on deploying the BR2 SCA on an untethered
robotic platform for berry harvesting applications. Furthermore, a study into performance of serially con-






The material in this chapter is taken from [75] with the permission from the publisher.
5.1 Introduction
Soft Continuum Arms (SCAs) or manipulators are useful especially in applications that demand dexterity,
safety under human interactions, and adaptability [39]. These robots are composed of materials with ex-
tremely low elastic moduli [18] that undergo material deformation actuated either by cables [35, 41, 117] or
fluids [36, 48, 118]. Their usefulness has been demonstrated in whole arm grasping and manipulation [100]
in unstructured environments such as rescue operations, assisting in activities of daily living [34], and as an
additional wearable limb [32].
There are a number of limitations with SCAs: (i) While adaptable, their soft and squishy nature may
not lend itself to precise operations that require transmitting large loads to the object. These are usually
attributes of rigid robots. The closest to fulfilling these requirements are variable stiffness robots [49, 50].
The SCA introduced in previous chapter also has pay load limitations. (ii) Most SCAs use bending as
a mode of deformation and thus require two or more serial segments that are independently controlled to
achieve sufficient workspace and dexterity. The serial construction increases complexity and weight, and
requires additional valves and hoses running through the body [38, 51]. BR2 introduced in previous chapter
addresses this challenge. (iii) Though dexterous, most SCAs have limited reach or steerability for navigation
in constrained environments. Continuum robots that have shown promise are the concentric tube robots
[52] and pneumatically folded inflating chambers that grow [53].
In this chapter, to address the three limitations listed above I present a novel design (in Sec.5.2), which
is a hybrid between soft and rigid arms. The Variable Length Nested Soft arm or VaLeNS arm consists
of a single segment SCA nested inside a concentric rigid shell (Fig. 5.1). Inspired by the concentric tube
continuum robots [52], an internal mechanism is used to extrude out or retract the SCA back into the
shell. When the entire arm is extended out of the shell, the robot is considered soft ( Fig. 5.1(a)), while
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Figure 5.1: The Variable Length Nested Soft arm or VaLeNS arm with (a) the soft arm completely extruded,
(b) partially extruded, and (c) completely retracted within a rigid shell.
when enclosed completely within the shell, it is considered rigid (Fig. 5.1(c)). The SCA used has a unique
asymmetric architecture that can simultaneously Bend (B) and Rotate in clockwise and counterclockwise
(R2) directions leading to spatial deformation (introduced in previous Chapter).
We hypothesize that the VaLeNS arm with a BR2 SCA exhibits two fundamental attributes namely (i)
an enhanced workspace and dexterity, and (ii) the ability to modulate stiffness and transfer impact forces.
This chapter studies these attributes using a combination of computational models and experiments (in Sec.
5.3 and Sec. 5.4). Furthermore, these fundamental attributes lead to several derived functionalities that
make the architecture useful. Two most important are (a) hybrid workspace and (b) enhanced reachability
or steerability.
Hybrid workspace refers to the part of the workspace where the SCA behaves as a rigid robot (such as
in Fig. 5.1(c)) capable of quick, precise operations that include transmission of loads. We demonstrate this
feature with a door opening task (in Sec. 5.5) where sufficient forces are needed to be transmitted to the
knob for successful operation. The other part of the workspace where the arm is sufficiently extruded can
be used for adaptable and safe manipulation with sufficient dexterity. We demonstrate this feature on a
task where the robot end effector fixed with a sharp scalpel interacts safely with a skin like membrane. The
second feature is reachability, which is a function of extrusion out of the rigid shell and the simultaneous
curvilinear deformation of the SCA. We demonstrate that a VaLeNS arm is able to reach an object by
avoiding at least two closely-spaced obstacles (in Sec. 5.5).
The VaLeNS arm can be used in several applications that require the hybrid workspace and reachability
features. For example, in automated berry harvesting, reachability is important in approaching, imaging and
picking berries that are occluded inside bushes, thus necessitating the soft arm, while those on the periphery
can be picked rather quickly using the rigid arm alone. Furthermore, the hybrid workspace feature is
important in collaborative robot-human applications especially in manufacturing, where a combination of
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precise operations and safe interactions are required.
5.2 Design and Fabrication of VaLeNS Arm
Our prototype hybrid arm, shown in Fig. 5.2(c) consists of a Soft Continuum Arm (SCA), a rigid enclosure
and a hybrid actuation system. The rigid enclosure houses the SCA and a mechanism to extrude or retract
the arm. We provide a detailed description of each module in following subsections.
Rigid Enclosure
The rigid enclosure consists of a NEMA 17-size hybrid bipolar stepper motor (marked 1 in Fig. 5.2a) that has
an integrated 28 cm threaded rod (marked 2 in Fig. 5.2a) as its output shaft (Pololu). This arrangement
converts the motor into a linear actuator capable of precision open loop positioning. The travel nut is
attached to the base of the SCA. A two part cylindrical rigid enclosure (marked 3 in Fig. 5.2a) that houses
the SCA is 3D printed. The rigid enclosure restricts the rotational degree of freedom of the SCA when
attached to the travel nut. In addition, the rigid enclosure also restricts the deformation (bending or axial
rotation) of the portion of the SCA enclosed. 3D printed parts are used to attach the rigid enclosure to the
stepper motor.
SCA design
The BR2 Soft Continuum Arm (SCA) consists of a parallel combination of three pneumatically actuated
Fiber Reinforced Elastomeric Enclosures (FREEs) [48, 68] that can bend, and rotate in clockwise and
counterclockwise directions respectively. A combination of spatial bending and axial twist or rotation results
in a spiral deformation mode [108], which yields a large spatial workspace and dexterity (its deformation
modes shown in Fig. 5.2(b)) with a compact design. Furthermore, the BR2 design can achieve variable
stiffness in its pure bending configuration by differential pressurization of the bending and rotating FREEs.
In Section III, we demonstrate that the workspace, dexterity and stiffness modulating ability can be enhanced
in the varying length hybrid arrangement.
Apart from pneumatic actuation, other actuation schemes such as tendon driven and shape memory
alloys can be considered. However, we choose pneumatic actuation for its compactness, moderate to high
bandwidth and ease in controls and implementation.
The SCA has a modular end cap at the distal end, which can be mounted with an end effector such as
a camera or a gripper. The SCA is attached to the rigid enclosure with a custom 3D printed part and can
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Figure 5.2: VaLeNS arm: (a) Different components and their assembly. (b) The different deformation
modes of BR2 SCA (B:Bending, C: Clockwise rotation and CC: Counterclockwise rotation). (c) Fabricated
prototype of the VaLeNS arm used in this work.
extrude out of or retract back into the rigid enclosure.
Hybrid actuation
The VaLeNS system is actuated by a combination of stepper motors and pressurized air. The actuation
signals for the stepper motor (controlled by a Big Easy Driver) and pressure channels in the SCA are
generated using a National Instruments myRIO embedded device. SMC valves (ITV0031-2UBL) are used
to regulate the pressure in the SCA.
The stepper motor of VaLeNS arm is attached to a rotating servo which provides axial rotation to the
VaLeNS arm in order to achieve more workspace. The entire VaLeNS arm weighs 550 gms and can be
retrofitted to any commercial robot platform.
5.3 Analytical and Experimental Methods
The VaLeNS arm exhibits two important primary attributes: (a) Enhanced workspace and dexterity, and
(b) ability to modulate stiffness and impact forces. To conduct studies on these attributes we utilize a
combination of modeling and experiments, which are detailed in this section. Furthermore, when the VaLeNS
arm is deployed in an existing robotic platform, it exhibits two important derived features, namely hybrid
workspace and reachability. Specifically, this section also details the deployment of the VaLeNS arm on a
commercial RRR robot.
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Forward Kirchhoff Model for the BR2 SCA
The Kirchhoff model is an analytical model that predicts the deformed shape of a continuum robot [55]
under the action of external loads. The same method is also shown to approximately predict the shape
of pneumatically actuated SCAs [96, 108, 48]. The Kirchhoff model was previously presented for the BR2
SCA in [64] to predict the final deformed curve for different actuation pressures and a condensed overview is
presented here. The following Kirchhoff rod equations are used to obtain the end shape of the manipulator.
ṗ = Re (5.1)
Ṙ = Rû (5.2)
u̇ = −C−1(ûC(u− u0) + êRT(fb(L− s)geg + fe)) (5.3)
p ∈ R3 is the position vector, R ∈ SO(3) is the rotation matrix, u ∈ R3 is the material curvatures and twist
for s ∈ [0, L]. L is the total length of the actuator, fb is mass per unit length of the SCA, fe is the end
weight on the soft arm. â is the skew symmetric matrix for any vector a, g is acceleration due to gravity and
u0 is the pre-curvature vector of the SCA. eg is the direction of gravity and C is collection of bending and
twisting stiffness matrix. The actuation of the BR2 SCA is through the pre-curvatures u0, which can be
represented as a function of applied pressure. In an ideal scenario, pressurizing the bending FREEs lead to
a constant curvature bending while pressurizing the rotating FREEs lead to uniform torsion (twist per unit
length). When both bending and rotating FREEs are triggered simultaneously, an attenuation is reported
due to coupling [48], where the bending curvature is reduced due to the stiffness of the rotating FREEs and
vice versa. Our previous effort quantifies the coupling [48] and presents a method to estimate the Kirchhoff
rod parameters such as the pre-curvatures u0 and flexural modulii C using a parameter estimation method.
The detail steps in obtaining the actuation (u0) and stiffness (C) parameters is presented in Chapter 4.
With these as input, the set of differential equations given in Eqs. 5.1-5.3 can be solved to estimate
the overall shape of the manipulator. In this paper, the “bvp4c” routine in MATLAB is used to solve this
forward model. The initial p and R are the end position and orientation of the rigid enclosure. Furthermore,
the boundary condition at the manipulator end s = L is given as u = u0. Using these boundary conditions
and the estimated parameters the final shape is obtained.
Evaluating Workspace and Dexterity
Workspace involves the collection of end effector positions that the VaLeNS arm can reach for its operating
range of input pressures. We evaluate the workspace of the VaLeNS arm mounted on a swivel base oriented
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along the z (or gravity) axis. The swiveling base is used to rotate the end point to lie in y − z plane.
The resulting workspace will be a surface (in the y − z plane) that can be axisymmetrically rotated about
the arm axis(z axis). The forward model is used to evaluate the axisymmetric workspace by simulating
the bending pressure Pb, rotating pressures (clockwise Prc and counterclockwise Prcc) and lengths L in the
ranges of 75.8423 kPa (11 psi) to 275.8 kPa (40 psi), 0 kPa (0 psi) to 303.4 kPa (44 psi) and 2 cm to 24 cm
respectively. The workspace is calculated using MATLAB boundary function with a default shrink factor
of 0.5.
Dexterity is defined as the ability of the VaLeNS arm end effector to approach a point in its workspace in
more than one way or orientation. The different orientations are classified based on the different faces of the
“service sphere”[2, 112] shown in Fig. 5.4(b). Using the results of the workspace analysis, we identify the
input actuation parameters (Pb, Prc, Prcc, and L) that lead to the same end effector position but a different
end orientation.
Experimental Method to Study Stiffness Modulation
Stiffness experiments have been conducted with the VaLeNS arm oriented upside down and applying forces
at the end tip of the arm. A linear mechanism is programmed to obtain a displacement of one cm by sliding
horizontally along its rails for all the scenarios. Reaction forces by the end tip to counter the displacement
are recorded using a load cell (FUTEK LRF400 and IPM 650). Two main scenarios were investigated based
on similar investigations done in [119].
Scenario 1: The VaLeNS arm is held vertically downwards as shown in Fig. 5.3(a) and the force is applied
laterally to the tip. In this scenario three cases are studied:
1. Case 1: No air pressure in any of the FREEs
2. Case 2: Both rotating actuators actuated to 137.9 kPa (20 psi).
3. Case 3: Both rotating actuators are actuated to 275.8 kPa (40 psi).
Scenario 2: The arm is held vertically and the bending actuator is pressurized to form a 90 degree curved
shape, and the force is applied laterally as shown in Fig. 5.3(e). Three cases are investigated similar to
Scenario 1, the only difference is that the bending pressure is adjusted in order to maintain the 90 degree
curved shape across all cases for a given length. Each of the above scenarios and cases are conducted across
four different extruded lengths of the VaLeNS arm.
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Deploying the VaLeNS arm on a 3-link robot
The VaLeNS arm is fixed as an additional link on a 3-link rigid robotic base as shown in Fig. 5.6(a). The rigid
robot consists of a rotating base, on which two links (Link 1 and Link2) are assembled. Link 2 is connected
to the swiveling servo motor, which in turn is connected to the rigid enclosure housing the SCA. To obtain
the forward kinematics of the entire system, the rigid link kinematics is combined with the Kirchhoff model
presented earlier. The rigid arm forward kinematics are used to obtain the p(s = 0) and R(s = 0) for the
forward model of the soft arm presented in Section 5.3. The DYNAMIXEL servos of the 3-link robot are
controlled using an Arbotix-M Robocontroller board.
Experimental method to study the impact of VaLeNS arm
We study the impact properties of the VaLeNS arm as the maximum force/torque transferred as it contacts
an object at varying velocities [120]. First, the VaLeNS arm is mounted on the 3-link robot and its rotating
base is operated at different velocities. The end effector of the SCA is made to hit a 3D printed block
attached to two 90 degree right hand wound torsional springs (Mcmaster-Carr, 9271K47) in parallel (as
shown in Fig. 5.7(a)-(c)). The 3D printed block attached to the torsional spring is kept at a distance of
50 cm from the base of the 3-link robot arm. The time varying deflection in the spring is measured using
Figure 5.3: Stiffness modulation: (a) Experimental setup for scenario 1 and force versus displacement plots
for Scenario 1 (b) Case 1 where Rotating (R) actuators pressure is set to 0 kPa, (c) Case 2 where R actuators
pressure is set to 137.9 kPa, (d) Case 3 where R actuators pressure is set to 275.8 kPa. (e) Experimental
setup for Scenario 2 and force versus displacement plots for Scenario 2 (f) Case 1 (R = 0 kPa), (g) Case 2
(R = 137.9 kPa), (h) Case 3 (R = 275.8 kPa). The arrows indicate the direction of the displacement.
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a GoPro Hero Session camera at 100 fps. In this paper, the measured maximum deflection of the spring is
used to measure the maximum torque exerted by the SCA on the block.
5.4 VaLeNS Arm Attributes: Results and Discussions
In this section, we study the different functional attributes of the VaLeNS arm using the analytical and
experimental methods detailed in the previous section.
Stiffness Modulation
The experimental results reveal that the VaLeNS arm can modulate its stiffness by extruding its length and
by simultaneously pressurizing the rotating actuators. Experimental results of all cases of Scenario 1 are
shown in Fig. 5.3(b)-(d). The unpressurized SCA extruded by 4 cm provides a resistive force of 1.1 N when
subjected to a 1 cm displacement. The force drastically falls down to 0.08 N when extended to 16 cm. When
the SCA rotating actuators are pressurized to 137.9 kPa (20 psi) (case 2) and 275.8 kPa (40 psi) (case 3)
respectively, the resistive force for a 4 cm extruded SCA is 1.6N and 1.83 N respectively. Whereas for a 16
cm extruded SCA it is 0.13 N and 0.16 N. Thus there is an increase in stiffness on a scale of approximately
Table 5.1: Stiffness results for scenario 1
Scenario 1 Case 1 Case 2 Case 3
Length(cm) Stiffness Increase Increase
4 1.078 N/cm 49% 69%
8 0.3277 N/cm 65% 99%
12 0.1471 N/cm 53% 93%
16 0.0863 N/cm 45% 89%
10 times for extruded lengths of 4 cm and 16 cm. There is also a local increase in stiffness by around 49%
and 69% when the pressures in the rotating actuators is increased to 137.9 kPa (20 psi) and 275.8 kPa (40
psi) respectively for a 4 cm extruded length. The increase in stiffness for a given length for Scenario 1 is
summarized in Table 5.1.
Similarly, for Scenario 2 the force versus displacement curves are shown in Fig. 5.3(f)-(h). It can be
observed for case 1 that there is almost a 20 times increase in force for 4 cm when compared with the
16 cm extruded length. An increase in stiffness is also observed in case 2 and case 3. Furthermore, it is
observed that there is a 41% and 48% increase in stiffness when the pressure in both the rotating actuators
is increased to 137.9 kPa (20 psi) and (275.8 kPa) 40 psi for a 4 cm extruded length. The summarized results
for Scenario 2 are shown in Table 5.2. As stated in [121], the stiffness increases in bending configurations.
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Table 5.2: Stiffness results for scenario 2
Scenario 2 Case 1 Case 2 Case 3
Length(cm) Stiffness Increase Increase
4 4.2169 N/cm 35% 44%
8 1.2651 N/cm 30% 32%
12 0.4217 N/cm 45% 88%
16 0.1942 N/cm 41% 57%
Workspace and Dexterity
The workspace of the VaLeNS arm can be represented as an axisymmetric surface along the Y −Z plane as
shown in Fig. 5.4(a). Since the arm can rotate about its axis, its actual workspace is a volume of revolution
about the arm axis. The workspace of the variable length arm is 1264.5 cm2 as shown in Fig. 5.4(a), while
the workspace of the fully extended BR2 (24 cm length) is shown in Fig. 5.4(b) and is 30% lower than the
former.
Figure 5.4: (a) Workspace of the VaLeNS arm with its entire length extruded (24 cm) and varying extruded
lengths (from 2 cm to 24 cm) and (b) Dexterity of the BR2 SCA with its service sphere shown in the inset.
For example, a workspace point with cyan color can be reached in four unique orientations (the center of the
service sphere[2] is reached such that the tangents pass through four different faces of the service sphere)
The dexterity of the VaLeNS arm is due to two features: (a) inherent dexterity of the BR2 SCA and the
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(b) variable length mechanism. The inherent dexterity of the BR2 SCA is due to the combination of several
bending and rotation pressures leading to the same end effector position. Figure 5.4(b) plots the number
of different orientations in which each point in the BR2 workspace can be approached. It can be seen that
more than 90% of the workspace can be approached with two or more distinct orientations. To understand
the dexterity due to varying length, we evaluate the ability of the arm to reach a position in its workspace
with more than one SCA length extruded out. Figure 5.5(a) plots the minimum SCA length that needs to
be extruded to reach a point in the workspace. It is seen that the extreme periphery of the workspace (dark
red regions) can be reached with the fully extruded SCA alone. Figure 5.5(b) plots the difference between
the maximum and minimum extruded SCA lengths that can lead to the same end effector position. It is seen
that the center area of the workspace can be approached with different extruded lengths. More than 50%
of the workspace can be reached with a length difference of 1 cm and around 25% of the workspace can be
reached with a length difference of 5 cm. Varying SCA length, as seen in the section above has implications
on the stiffness and thus the amount of force that can be transmitted during manipulation.
Hybrid Workspace
When the VaLeNS arm is deployed on a conventional rigid robot, such as a 3-link rigid arm shown in Fig.
5.6, its overall workspace will be a combination of the rigid links and the SCA. The implications of the
primary attributes studied in the previous subsections (workspace, dexterity and stiffness modulation) can
lead to classification of the overall workspace into a rigid workspace and varying levels of soft workspace
depending on the extruded arm length as shown in Fig. 5.6(b)-(c).
In the figure the Link 1 angle is set to 90 degrees and Link 2 is varied from 0 deg. to 90 deg. and the
rotating base of the rigid arm is rotated from −45 deg. to 45 deg. and the swiveling base of VaLeNS arm
is varied from −90 deg to 90 deg. The rigid workspace is generated from the end positions of the VaLeNS
arm when extruded length is 0 cm. It is hypothesized these points can be reached in a quick, accurate and
repeatable fashion, a key characteristic of rigid link robots. Furthermore, operating in the rigid workspace
will lead to larger force transfer.
The rigid workspace is appended by a larger soft workspace as shown in Fig. 5.6(b)-(c), which is obtained
by extruding the soft arm from 4 cm to 24 cm under the full range of operating pressures. These end positions
are hypothesized to be safe as they involve the extruded soft arm and hence can be used for interacting with
humans and other fragile objects.
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Figure 5.5: Reaching a position in different length configurations.(a) Minimum length needed to reach the
point lying in YZ plane and (b) The maximum difference in length which can be used to reach a point in
the workspace.
Figure 5.6: (a) VaLeNS arm attached to a 3-link robotic arm and its adaptable and precise workspace
obtained ((b)isometric view and (c) XZ view) with the ranges of 3 link robotic arm limited to -45 to 45 deg.
for the rotating base, Link 1 fixed at 90 deg. and Link 2 varied from 0 deg. to 90 deg.
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Impact test results
The torque obtained by measuring the maximum deflection of torsion spring when the arm contacts the
spring with different tangential velocities, and for different extruded lengths is shown in Fig. 5.7(d). While
it is expected for the transmitted torque to decrease with decreased contact velocities, we observe a near
400% decrease in the torque upon extruding the arm by 12 cm for all contact velocities. With transmitted
impact forces directly correlated to safety especially under human interaction[120], larger extrusion lengths
of the VaLeNS arm can be deemed safer.
Figure 5.7: (a) Impact test setup where a torsion spring is fixed, the maximum deflection of the torsion spring
obtained when impacted with the VaLeNS arm extruded to lengths of (b) 4 cm and tangential velcoity 1.63
m/s, (c) 16 cm and tangential velocity 0.54 m/s and (d) maximum transmitted torque when impacted with
different SCA extruded lengths and tangential velocities.
5.5 Demonstration of VaLeNS Arm Attributes in Robotic
Manipulation Tasks
The demonstrations in this section were performed in open loop by manually controlling the 3-link robot
arm and the VaLeNS arm in order to accomplish the different tasks. Each of the tasks have been repeated
multiple times in order to classify them as a successful/unsuccessful task.
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Using the VaLeNS arm for a door opening task
To demonstrate the variable stiffness capability of the VaLeNS arm, a door opening task is performed where
the door needs to be turned and pulled for the latch to completely open[122]. In Fig. 5.8(a)-(b) it can be
observed that with a 4 cm extruded SCA the arm successfully transfers the force on to the door lock and
is able to open it. The SCA is pressurized to 275.8 kPa (40 psi) in both the rotating actuators in order to
use its high stiffness property(as shown in Fig. 5.3(d)). Whereas the same task was unsuccessful when the
SCA is extruded out by 16 cm as shown in Fig. 5.8(c)-(d). The door was successfully opened with extruded
lengths less than 8 cm with both the rotating actuators of the SCA pressurized to 275.8 kPa (40 psi). Thus,
this task required the system to operate closer to its rigid workspace.
Using the VaLeNS arm as a Cobot
With its hybrid workspace attribute, the VaLeNS arm attached to a 3 link manipulator can be used as a
collaborative robot (Cobot)[123]. We demonstrate an impact test when a skin simulant[124] is stabbed using
a scalpel at different extruded lengths and at a velocity of 1.630 m/s in Fig. 5.8(e) and (f). It was observed
that the scalpel could penetrate the skin by 8 mm when the extrusion length of the arm was lowest at 4 cm
(Fig. 5.8(g)). However, at an extrusion length of 16 cm, and keeping the velocity constant at 1.630 m/s,
the insertion depth was reduced to 1.3 mm (Fig. 5.8(h)). Thus the VaLeNS arm with the SCA extruded to
larger lengths can be deemed safer as it transfers lower impact energy to the contact object.
The VaLeNS arm can be used in Cobot tasks where both load-bearing ability and safety are required
albeit at different time periods. In Fig. 5.8(i)-(j) it is shown that the robot system with its SCA completely
retracted is used to precisely pick up an empty plastic box (Fig. 5.8(i)). This is accomplished by fitting a
suction cup at the end of the SCA. These tasks are performed in the rigid workspace of the arm as sufficient
forces are required to be exerted on the objects. The objects are then dropped or handed over to the human
safely in the soft workspace as shown in Fig. 5.8(j) where the SCA is sufficiently extruded.
Reachability of the VaLeNS arm
In order to demonstrate the reachability attribute of the VaLeNS arm, an obstacle course is set up as shown
in Fig. 5.9(a)-(b). The arm has to reach two balls located at positions P1 and P2 that are located at a
height of 13 cm and 16 cm respectively. These locations are chosen in a way that is not directly accessible
from the entry area (in Fig. 5.9(a)). In order to reach P1 location, the VaLeNS arm is actuated in following
sequential fashion (i) SCA extrusion, (ii) SCA bending, (iii) SCA extrusion and (iv) SCA rotation. To reach
P2, the VaLeNS arm utilizes a combination of sequential actuation and the aid/support of obstacles [125].
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Figure 5.8: (a)-(b) Successful door opening with 4 cm extruded SCA, (c)-(d) unsuccessful door opening with
16 cm extruded SCA, (e)-(f) scalpel insertion into a skin simulant when impacted with extruded lengths of
4 cm and 16 cm respectively and (g)-(h) are the enlarged views of (e)-(f) and (i)-(j) picking a box in robots
rigid workspace and dropping it in a hand in robots soft workspace
The final reaching poses are shown in Fig. 5.9(c)-(d). We thus demonstrate that the reachability of the
robot is a function of the soft continuum deformation and the variable length deployment.
Figure 5.9: (a)-(b) Obstacle course for the reachability tests showing the entry area and locations of the
objects(P1,P2) to be reached.(c)-(d) final poses of the VaLeNS arm reaching P1 and P2 respectively.
5.6 Conclusions
Soft robots and rigid link robots currently represent two extremes in robotic functional space. While soft
structures are compliant, safe to interact with and adaptable, rigid link robots are quick, transfer large
loads and are precise. However, most emerging robotic applications demand both these functionalities
and existing solutions involve a suboptimal compromise. This paper presents a Variable Length Nested
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Soft (VaLeNS) arm that can toggle between a fully rigid link and varying lengths of a Soft Continuum
Arm (SCA). The resulting architecture exhibits two important attributes (i) stiffness modulation, and (ii)
enhanced workspace and dexterity. The greatest functional advantage for these attributes is when the arm
is deployed on a rigid robot platform, where its workspace can be bifurcated into a rigid subspace and a
soft subspace by just varying the length of the extruded arm. This enables the robotic system to perform
precision intensive tasks in the rigid workspace and instantly toggle to the soft workspace to interact safely
with humans. Furthermore, combination of arm extrusion and actuation increases reachability, which is
useful in navigation in a constrained environment.
The goal of this chapter is to introduce the design architecture and the attributes of the VaLeNS arm.
However, attesting its real advantages and usefulness calls for a thorough examination and comparison with
other modes such as series elastic actuators, and variable stiffness mechanisms in terms of its safety under
human interactions, force transfer, and precision. Furthermore, extensive research is required to control
such a hybrid system where well-defined rigid robot control meets the less-understood soft arm control
space. For an autonomous deployment of the robot, novel soft sensing concepts need to be embedded within
the SCA. We propose to explore these areas in the future and objectively evaluate the VaLeNS arm system
in applications such as berry harvesting and tasks involving collaborative human robot interactions.
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Chapter 6
TOWARDS A BERRY PICKING
SOFT HYBRID ROBOT: DESIGN
AND SYSTEM INTEGRATION
Part of this work is done in collaboration with Benjamin Walt, Aaron Havens, and Armeen Mahdian.
6.1 Introduction
Robots capable of dexterous manipulation in cluttered environments can significantly impact many appli-
cations. For example, shortage of qualified human labor is a key challenge facing US farmers, leading to
smaller profit margins, and preventing the adoption of truly sustainable agricultural practices. The labor
shortage critically affects berries and orchards, because tasks such as picking berries or pruning branches
require significant dexterity. Simple automation approaches that are popular in row-crops such as corn and
soybean [70, 71, 72], do not work well in these much more complicated perennial crops. In addition, tradi-
tional industrial “hard” robot arms have been difficult to adopt for messy, cluttered, and delicate plants. It
is believed that the emerging field of pneumatically actuated soft robotics could be the answer for imple-
menting robotic automation in challenging applications such as berry picking [73]. However, soft-robot arms
on their own have several challenges. The primary one being low to moderate actuation powers available in a
mobile, untethered environment, coupled with the fact that material flexibility of the robot arm significantly
limits payload capacity. Furthermore, payloads on these arms can warp the workspace, making the control
problem harder, and the warping can worsen with increasing length thus affecting accuracy and precision
[68].
In this work, we present a new hybrid soft-rigid arm concept system for applications requiring dexterity
and reach. We term this system SoftAgbot since our primary application is picking berries in greenhouses,
although SoftAgbot can be applied to many applications beyond agriculture. Our concept system combines
the benefits of the dexterity of a soft manipulator with the rigid support capability of a hard arm. The
idea is that the hard arm positions the extendable soft manipulator close to the target, and the soft arm
manipulator navigates the last few centimeters (25 cm in the presented case) to reach and grab the target.
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Contributions and their significance
The main contributions of our work are:
1. We present a novel hybrid soft-hard arm system with a compliant gripping end effector that is capable
of reaching and manipulating soft objects at significant distances from the robot.
2. The presented system is completely self-contained and has been mounted on two robots, one of which
is the commercially available TerraSentia (see Figure 6.1, [126]).
3. We utilize a novel magnetic sensor and reinforcement learning based control for end effector position
control of the robot.
4. We employ IR reflectance sensors mounted on the gripper and a k-nearest neighbor classifier to predict
the success of a gripping action to better operate in occluded environments.
5. We demonstrate that SoftAgbots have an unprecedented ability to reach difficult targets and apply a
wide range of forces to achieve objectives that are very hard or nearly impossible for traditional “rigid
only” armed robots.
The significance of our contributions is in presenting a pathway to creating robots capable of having
the reach and dexterity of soft robots without the drawbacks of lack of strength and excessive workspace
warping. In addition, our robot can be position controlled in the task space either using a set of end effector
desired positions or a joystick that a human can use to control the position. This significantly simplifies
the control of this pneumatically actuated soft robot, which would otherwise require manipulating a number
of valves. Furthermore, the control method is based on reinforcement learning, and as such provides a
strong validation point for the use of such learning based, model-free control methods for challenging reach
problems in robotics. Note that the SoftAgbot presented here is specific for berry harvesting, but the same
system, with modifications can also be used to control weeds, detect insects and diseases by moving a camera
throughout the dense plant canopy, and prune or thin branches.
6.2 System Overview
The robot design is guided by the need to maximize dexterity, adaptability and safety while also increasing
accuracy, and load bearing ability. The robot consists of a mobile platform with a three-link rigid manip-
ulator. The third link has the capability to deploy a Variable Length Nested Soft (VaLeNS) arm [75] that
can be extruded in and out of the link. The end of the soft arm has a compliant gripping end effector. The
details of the design are presented below.
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Figure 6.1: (a) SoftAgbot system (mounted on a TerraSentia) presented in this work picking a berry, (b)
and (c) ability to reach bush interiors using a flexible soft continuum arm.
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Robot arm and degrees of freedom
The robot arm is a three-link rigid arm as shown in Figure 6.2. The arm sits on a rotating base (θ1) and
has two revolute joints (θ2 and θ3). The third link is capable of axial rotation (θ4).
Figure 6.2: Degrees of freedom of the robot (a) the rigid arm has three (θ1 to θ3) d.o.f and the hybrid rigid
soft arm has five (θ4, ∆L, ∆B, ∆R1 and ∆R2). The deformation of BR
2 soft continuum arm with (b)
∆B,∆R1, (c) ∆B and (d) ∆B,∆R2 actuation respectively.
VaLeNS arm
The third link is a hollow 3D-printed shell that houses a compliant soft arm. The soft arm can extrude out
of the shell to provide additional dexterity, reachability, and compliance. The 3D-printed shell encloses a
NEMA 17-size hybrid bipolar stepper motor that has an integrated 28 cm threaded rod as its output shaft
(Pololu). This arrangement converts the motor into a linear motion to extrude the soft arm in and out of
the shell. Such a configuration is known as the VaLeNS arm and its workspace and dexterity were studied
in [75].
Soft Continuum Arm
The BR2 Soft Continuum Arm (SCA) consists of a parallel combination of three pneumatically actuated
Fiber Reinforced Elastomeric Enclosures (FREEs) [48, 68] that can bend (B), and rotate in clockwise
and counterclockwise directions (R2) respectively. A combination of spatial bending and axial twist or
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rotation results in a spiral deformation mode [108], which yields a large spatial workspace and dexterity (its
deformation modes are shown in Figure 6.2(b)-(d)) with a compact design. Furthermore, the BR2 design
can achieve variable stiffness in its pure bending configuration by differential pressurization of the bending
and rotating FREEs.
Thus the three link rigid arm with the appended VaLeNS arm has a total of eight actuated degrees of
freedom: θ1 − θ4, ∆L, B (bending of the soft arm), and R2 (clockwise and counterclockwise rotation of the
arm). The ensuing dexterity enables the arm to approach the bush precisely and deploy the dexterous SCA
as needed to explore the internal regions of the plant.
Mobile platform
The robot arm is mounted on a mobile platform as shown in Figure 6.3.
Figure 6.3: SoftAgbot system prototype showing different subsystems and components implemented on a
smaller robot.
The mobile platform encompasses a set of accessories and controllers to control the wheels, three-link
rigid arm and the VaLeNS arm. We use a National Instruments myRIO to send the commands to the
four pressure regulator valves (SMC, ITV0031-2UBL), RoboClaw motor controller, portable pneumatic
compressor (Parker Hannifin, D1008-23-01), stepper motor and to the high torque servos (Servocity, CM-
D950TW-400 Servo Gearbox). The overall communication of the robot system is shown in Figure 6.4. In
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Figure 6.4: A block diagram of the robot systems and control
addition, the myRIO also communicates with the Raspberry Pi 3 in order to facilitate the control of the
soft arm which will be detailed in Section III. These components can be used to deploy the presented hybrid
soft-rigid arm design on any field or mobile robot and can be used for myriad of applications like surveying,
mining, disaster response to name a few other than the berry harvesting application focused on in this
paper. To demonstrate the compatibility of the arm design with different mobile platforms, we successfully
retrofitted the arm and the control components on TerraSentia [126], a commercially available agriculture
robot platform (see Figure 6.1).
Sensing
The distal end of the BR2 SCA can be appended with a modular end effector like a gripper (presented in
6.2), suction cup, or camera to name a few. However, to control the end effector of the arm, we need to
accurately sense its end position. This is challenging as the SCA has complex deformation modes such as
bending, twisting and spiralling (see Figure 6.2) [64]. Past research in soft robotics has demonstrated various
concepts including resistive [127], inductive [128], liquid metals [129], and more recently embedded magnets
[130] to sense the deformed shape. Most of these methods are limited to simplified deformations such as
93
contraction, extension, and planar bending at relatively small length ranges (< 5 cm). Techniques involving
vision such as motion capture [30] cannot be easily transferred to a field environment, especially with the
end of the arm occluded inside a bush.
In this work, we use electromagnetic tracking (Patriot SEU, Polhemus) with a short ranger source (TX1,
tracking area 2 to 60 cm) and a micro flexible sensor as shown in Figure 6.3(d). This system is not constrained
by a line of sight requirement. Furthermore, the sensor is flexible, lightweight (< 2 g) and does not hinder or
alter the performance of the SCA. The electromagnetic source is mounted on the 3D-printed rigid enclosure
and the sensor is inserted into a slot in the gripper base. The sensor has a positional accuracy of less than
1 mm. The signal from the sensor provides the real time spatial coordinates of the soft arm end, which is
then used for the soft continuum arm control (elaborated in Section III).
Gripper system
Gripper Design
We have designed three modular, pneumatically actuated, soft compliant (3D-printed with TPU material)
grippers as shown in Figure 6.5(d)-(f) to grasp three targeted fruits: Miracle berries, cherry tomatoes, and
small figs (Figure 6.5(a)-(c)). These fruits were selected to explore a range of challenges related to mechanical
harvesting.
The miracle berry is a firm fruit that sits close to the stem. As such, its gripper (Figure 6.5(d)) is
designed to grip the fruit directly. The fingers of this gripper are designed to conform to the shape of the
fruit using the Fin Ray R© effect [131] and evenly distribute the applied forces. By directly gripping the fruit,
it is also possible to apply a twisting motion to aid in its removal. The fig is very soft and sits on a long
stem. Direct gripping would damage the fruit, so instead the fig gripper (Figure 6.5(f)) was designed to
enclose the fruit. Tabs on the gripper fingers close behind the fruit and when a pulling force is applied, it is
directed axially along where the fig is attached to the stem. Once detached, it stays entrapped within the
fingers until released into a storage container. The cherry tomato is also a soft fruit that sits on a stem,
but like the miracle berry, it requires the application of a moment to detach it from the stem. As in the
fig design, the gripper (Figure 6.5(d)) is designed to entrap the tomato and apply force behind the fruit.
Because the fruit is soft, care must be taken when gripping it. The tabs prevent too much pressure from
being applied and the finger’s deformable shape evenly distributes the force over the surface of the fruit.
This gripping style allows for a simultaneous pulling and twisting motion, which easily separates the tomato
from the plant without damaging it.
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Figure 6.5: Three fruits selected as the basis for gripper designs ((a) cherry tomato (b) miracle berry (c)
small fig) (d)-(f) specialized grippers designed for each fruit
Gripper Sensing
Operating within occluded environments, makes it challenging to determine if the end effector is positioned
correctly to successfully grip a fruit. To overcome this and move toward autonomy, a sensing system has
been incorporated into the gripper. The goal was to determine if the end effector is positioned correctly for
a successful grip prior to closing the gripper. Previous work on object classification with a soft gripper has
been done by Homberg et al. [87] and grasp success by Zimmer et al. [132]. These focused on tactile sensing
and required contact with the fruit.
To predict success prior to contact, we used optical sensors in this work. Three IR reflectance sensors
(Adafruit) were arranged around the edge of the gripper body, between the gripper fingers (Figure 6.3(c)).
They are aimed to the center of the space between the gripper fingers where it is most likely for a body to
be gripped successfully (Approximately 20 mm from the base of the fingers). The closer an object is to the
sensor the higher the sensor output. To make a prediction from these three signals, Scikit-learn’s k-nearest
neighbor (kNN) classifier [133] was used. Training was done with the gripper attached to a UR3 robotic
arm (Universal Robots) to take advantage of the speed and precise positioning. To collect training data, a
3D-printed fruit was mounted on a flexible shaft and attached to the table surface. A random sample of the
400 points in and around the gripper was created and the gripper was moved so that the center of the fruit
sits at one of the training points. The sensor readings were recorded, the gripper was closed and the success
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or failure state was logged manually. This data set is then used to predict the outcome of a grip attempt
using a kNN classifier with k = 5 as seen in Algorithm 1. This prediction is then sent to the operator to
help them decide whether or not to grip or readjust the end effector position.
Algorithm 1: Grip success prediction algorithm
Load training data (System Start-up);
...
Approach the fruit;
while Grip Prediction 6= Success do
Read the three sensor values;
Calculate the Euclidean distances to all the training data points;
Predict the success of the gripper based on votes from 5 nearest neighbors;
if Grip Prediction = Success then
Close the gripper;
else
Re-position the end effector;
end
end
6.3 Control of the BR2 SCA and Teleoperation
Learned Feedback Planning via Deep RL
Given a desired reach point provided by a human operator, the BR2 SCA system must choose a sequence
of pressure change actions corresponding to bending and rotation (∆Pb,∆Pr) of the continuum body to
efficiently guide the end effector. Due to the highly nonlinear relationship between pressure changes and
the end effector position, we would like to choose a general control strategy that may accommodate such a
mapping and be executed in real-time. Rather than performing some system identification for specific arm
settings and loading, we use a Kirchhoff rod model of the soft arm [76] to train a control policy directly
from experience. Virtually any arm configuration and simulated loading can be trained using an existing
reinforcement learning (RL) strategy called Deep Deterministic Policy Gradient (DDPG) introduced by
Lillicrap [69]. Our aim is to ultimately deploy the learned policy on the BR2 SCA system, and hence we
address the challenge of inevitable simulation model mismatch. We will show that defining an error state
with respect to the end effector as an implicit feedback mechanism as well as operating in a quasi-static
setting enables a useful policy in the real environment without further tuning.
96
Soft Arm MDP Formulation
Classically these problems are formulated as an infinite horizon discounted Markov decision process described
by the tuple M = (S,A,P,R, γ) where the state transition probability P is unknown. We aim to find a
policy π which maximizes the expected discounted reward with trajectory distribution ρπ(τ).








We define the state s ∈ S by the current pressure states (Pb, Pr), extensions length L and the vector
between the current measured end effector position x̂ ∈ R3 and the desired position xd.
s := (x̄, Pb, Pr, L)
Where x̄ = xd − x̂. The policy chooses normalized pressure differences as actions a := (∆Pb,∆Pr) ∈ A =
[−1, 1]2. The reward function R : S × S → R is defined as in [68] to achieve the desired end effector
position in minimum time. We denote ST as the set of terminal states (i.e. pressure constraints). This
reward function provides incentive to make progress towards the goal at each step and achieve a successful




−2 + (||x̄t||2 − ||x̄t+1||2) st+1 /∈ ST
−100− ||x̄t+1||2 st+1 ∈ ST
100 ||x̄t+1||2 ≤ ε
Where ε defines a ball in which the end effector is sufficiently close to the target and is deemed successfully
reached (ε = 2 cm in this case). There is a large penalty for exceeding the pressure constraints and not
achieving a successful reach after each quasi-static pressure command with an additional penalty based on
how far away the constraint violation occurred from the goal. Other reward functions may be considered
such as ones that encourage energy efficiency using minimal pressure actuation. However, in the quasi-static
setting achieving the goal in minimum number of steps is a reasonable heuristic for using minimum energy.
A control policy can be learned based on this objective which we will now briefly describe.
DDPG Continuous Control Policy Optimization
With the objective of choosing actions that maximize the long term expected rewards through interacting
with environment, it is useful to define an optimal value function conditioned on a particular action or a
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Q-function and can be written recursively with respect to a given policy π. We further assume that the
current policy π a deterministic function of state as in [69], where ξ is some state distribution in the given
MDP environment with reward map R.
Qπ(st, at) = ER, st∼ξ
[
R(st, at) + γQπ(st+1, π(st+1))
]
In Deep Deterministic Policy Gradient (DDPG), the Q-function is parameterized as a fully-connected neural
network, Qθ, with parameters θ. It also utilizes an actor-critic architecture with actor network πφ and
parameters φ which will serve as the control policy. The recursive definition of thr Q-function yields the
following loss function given the current Q-function and observed reward r at time t used to optimize Qθ.
L(θi) =
[




DDPG uses the previous network parameters as a loss target, and then performs a weighted “soft update” to
the target Q-function parameters. The policy gradient for updating the actor network πφ may be computed
using the critic Qθ, all of which is described in detail in [69]. DDPG enjoys the benefits of being off-policy
meaning that the policy may be updated even from state-action trajectories from another policy (e.g. a
random policy), allowing stable learning by sampling from a large experience buffer. As shown in Figure 6.6,
training from simulation of various physical configurations are stable and consistent.




















Figure 6.6: 100-reward average training curves are displayed over 30K reach episodes for lengths 9, 15 and 20
cm of the extruded soft continuum arm. These curves are an average over 5 independent complete training
trials from random initial policy networks. The shaded regions denote the variance over each these training
trials at each length.
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Control and Teleoperation
The rigid arm is controlled in task space by user supplied ∆X, ∆Y , and ∆Z. This is accomplished through
analytically derived inverse kinematics [134].
The soft arm is also controlled in the task space by user supplied ∆x, ∆y, and ∆z. This is accomplished
via the RL policy described above. The user also controls ∆L (extrusion length) and ∆θ4 (axial rotation of
the VaLeNS arm).
6.4 Validation and Field Trials
Validation of gripper sensing system
The gripper sensing system was validated both prior to implementation into the system and after. Prior
to implementing, the training data set was validated by testing it on the UR3 arm. Using 80 test points,
it was able to achieve 88% accuracy in predicting success correctly and 100% accuracy in predicting failure
correctly. As seen in Figure 6.7, the distinction between success and failure sensing output is strong and
lends itself to robust results.
Figure 6.7: A 3D representation of gripper success as a function of the sensor readings based on the training
data showing the separation of the success and failure.
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Picking maneuvers
There are two main tasks in order to successfully pick a berry. First, the gripper has to reach the berry
successfully and grip it softly. Second, it should be able to sever the berry from the branch. Although these
tasks appear trivial when done by humans, it involves a combination of dexterous hand motions. While
past research on rigid link robots have tackled this problem, the most notable being a blade that attaches
to the gripper to shear the branch by Xiong et al. [135], these strategies may not be compatible for a soft
manipulator. In this paper we will explore severing the berries by multiple maneuvers involving gripping
and pulling. It is to be noted that once the gripper successfully grips the berry, the grip remains intact even
after removing the air pressure in SCA. Here we list down the different feasible maneuvers with the current
arm design. Each of them are tested after the gripper senses the berry.
• SCA retraction: Where the SCA is retracted by 7 cm as shown in Figure 6.2(a) represented by ∆L.
• Rigid link retraction: In this maneuver, the rigid arm is retracted backwards from the plant. It maps
to a change in the θ2 angle in Figure 6.2(a) marked as 2.
• Hybrid arm twist: The θ4 angle (in Figure 6.2(a) marked as 4) which corresponds to an axial rotation
of the VaLeNS arm by 60 degrees.
• Sideward flick: In this maneuver, the rigid arm is moved in a sidewards direction (x or y axis movement)
which corresponds to a change in the θ1 angle shown in Figure 6.2(a) marked as 5.
• Downward flick: Similar to the sideward flick, the rigid arm is moved downwards (-z direction) which
corresponds to change in the θ3 angle shown in Figure 6.2(a) marked as 3.
• SCA twist: The rotating actuators of BR2 SCA are actuated in order to obtain the twist motion of
the BR2 SCA.
The efficacy of each of these picking maneuvers is evaluated in two different scenarios. In the first scenario,
there is no obstacle in between the berry and the approach path of the arm. In the second scenario, an
obstacle (as shown in Figure 6.8(b)) is placed in the path of the arm. In each scenario, the berry is securely
gripped by the gripper and the above maneuvers are implemented in order to see the efficacy of the picking
maneuvers. Furthermore, these experiments are conducted under two sub cases. The first sub case is with
the SCA fully retracted (as shown in Figure 6.8(a)), which corresponds to the case when berries are picked
from the periphery. The second sub case is when the extruded length is greater than 7 cm (10 cm, 15 cm
and 20 cm) (as shown in 6.8(b)) to include the scenario when the berries are inside the bush. Table 6.1 and
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Figure 6.8: Picking cherry tomatoes (a) with soft continuum arm retracted and (b) with extruded soft
continuum arm in the presence of obstacles in the path.
Table 6.2 shows the success of different maneuvers for each sub case. It can be observed from the results that
retracting the SCA works for all the tested lengths except when there is zero extrusion. Retraction using
rigid links, sideward flick and downward flick are also successful for most of the cases. However these are
contingent on the surrounding environment and possible damage caused to neighboring berries. From Table
6.1 and Table 6.2 it is also evident that twist using hybrid arm and twist using SCA rotation are successful
in only a few cases. The berry was successfully picked only when the SCA and hybrid arm rotation are
repeated 3 times on an average.
Table 6.1: Scenario 1: Picking maneuvers with no obstacle
Extruded Length of the SCA
Maneuver 0 cm 10 cm 15 cm 20 cm
SCA retraction x X X X
Rigid link retraction X X X X
SCA twist X∗ X∗ X∗ X
Hybrid arm twist X x x X
Sideward flick X X X X
Downward flick X X X X
∗ more than three rotations
Table 6.2: Scenario 2: Picking maneuvers with single obstacle
Extruded Length of the SCA
Maneuver 0 cm 10 cm 15 cm 20 cm
SCA retraction x X X X
Rigid link retraction x X X X
SCA twist x X∗ X∗ x
Hybrid arm twist x x x X
Sideward flick x X+ X+ X+




In section III we described a DDPG planning and control algorithm that is trained from a simulated Kirchhoff
rod model of the soft arm. Although the control operates in a quasi-static setting, it is expected for the
true SCA mechanics and actuation to differ from that of the simulation. To evaluate the controller we
examine the ability of the BR2 SCA to reach various points in the feasible workspace at 3 extrusion lengths
(9, 15, 20 [cm]) keeping the rigid arm position fixed. The points are chosen by discretizing the the bending
and rotating pressure value (Pb, Pr), setting the SCA to those pressures and then recording the delta x̄ via
the electromagnetic sensor. Then, given the same initial conditions (i.e. position and pressures), we provide
the DDPG algorithm the prescribed delta. Then one of the three following cases occurs:
1. the error to the point exceeds a 1 centimeter lower tolerance so that ||x̄||2 < 1 [cm]. Control terminates
and the reach is deemed successful.
2. After 10 controller steps the final error is within the upper 2 centimeter tolerance so that 1 ≤ ||x̄||2 ≤ 2
[cm] and the reach is deemed successful.
3. After 10 controller steps the final error is ||x̄||2 ≥ 2 [cm] and the reach is considered a failure.
Then the final error is recorded. We choose 15 points for each length and disregard pressure configurations
that purely rotate the SCA, as the resulting delta is very small and not meaningful. For each Pb state
of (20, 30, 40) psi we consider the rotation pressures Pr states (−40,−20, 0, 20, 30, 40)psi giving us the 15
corresponding workspace points at a given length. In Figure 6.9 we display the box plots of those reach trials.
We note that for length 9 and 15 centimeters, every reach point achieved below the desired 2 centimeter
threshold. However for 20 centimeters extension, 4/15 points exceeded the threshold, 3 of which points were
at high bending pressures (30 psi or 40 psi). We suspect that for the longest length of 20 centimeters, the
model mismatch of simulation and the real BR2 SCA system are emphasized. A possible way to mitigate
these failed reaches to fine tune the DDPG controller on additional additional real reach experiences.
System validation
In order to validate the entire system, the robot is controlled by the user to pick berries on the periphery
and at different interior depths of the plant. Cherry tomatoes on a vine are attached to the branches of the
plant in different locations. Figure 6.10 shows the different steps in successfully picking the berries. Figure
6.10(a)-(e) show picking a berry from the periphery of the plant whereas Figure 6.10(f)-(h) show picking a
berry from the internal depth of the plant. It can be observed in Figure 6.10(b)-(d) that in the case where
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Figure 6.9: In order to evaluate the DDPG policy on the BR2 SCA system, for each length we select 15
reach points in the workspace when the arm is in the neutral position. For each point the arm is given
10 steps to reach the goal and stops once the error becomes less than 1 cm. In practice 2 cm tolerance is
acceptable. The orange line indicate the median final error distance which is under the desired threshold for
all extension lengths.
berries are picked from the periphery of the plant, the task is performed with almost negligible extrusion
of the SCA. Whereas, for the case when the berry is inside the bush, the SCA is extruded to reach the
berry and to activate soft interaction with the plant. In Figure 6.10(c) and (h) it is shown how the gripper
successfully grips the berry. In Figure 6.10(d) and (i) rigid arm retraction and soft arm extrusion maneuvers
are used respectively to sever the berry from the branch and finally place it in the cart attached to the robot
in Figure 6.10(e) and (j).
Discussion
It is observed that the picking of peripheral berries was straightforward, relatively simple and efficient with
the task space control presented in this work. This is because peripheral berries required actuation of the
rigid links alone. Although this system possesses the required capabilities to successfully pick berries from
the inside of a bush, the current task space control renders this operation to be slow. For example, a berry
located 15 cm inside the bush required approximately 4 minutes to reach, grip and pick. This required 12
user commands (5 for the rigid arm and 7 for the soft arm) to accomplish. The two main challenges observed
involve the issue of perception and convergence of SCA control. The issue of perception is the difficulty to
visually perceive the location of the berry by the user. The IR reflectance sensor on the gripper aided in
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Figure 6.10: System validation trial: (a) approaching the plant (b) reaching for a fruit on the periphery (no
soft arm extrusion) (c) grasping the fruit (d) picking the fruit with rigid arm flick maneuver (e) depositing
the fruit in a collection bin (f) reaching for a fruit in the interior of the plant (g) using soft continuum arm
(SCA) extrusion to reach the fruit (h) grasping the fruit (i) picking the fruit with SCA retraction maneuver
and (j) depositing the fruit in a collection bin.
overcoming perception challenges, but is only effective during the final stages of approach towards the berry.
Furthermore, this sensor did experience some false positive readings when chunks of leaves rather than a
berry entered the gripping space.
6.5 Summary
We have presented a hybrid rigid-soft arm and manipulator for performing tasks requiring dexterity and reach
in cluttered environments. We validated the system in challenging agricultural problem of picking berries.
The system however can be modified for use in other applications requiring dexterity and reach. Future work
can include improving gripper sensing and utilizing it in the control loop to fine tune to positioning of the
gripper and achieve better gripping results. The training can also be made more robust by training it in the
full environment and developing the ability to differentiate between target fruits and other materials such
as branches and leaves. Our system as presented uses reinforcement learning to track desired task-space
trajectories by controlling pneumatic pressures in the arm. This makes the system easy for a human to
operate, but it is not yet fully autonomous. However, the system will allow users to demonstrate feasible





This dissertation has presented several main contributions to the growing body knowledge of soft continuum
robots. With the foundation of design, modeling, control, and sensing for SCAs, there are a variety of
promising directions, outlined in the following sections, in which future work could proceed, using the work
in this dissertation as a foundation.
7.1 Future Work in Design and Modeling
The BR2 design in Chapter 3 is shown to be a compact and dexterous single section SCA. However, the
optimization of the BR2 design (optimal diameter ratios) involved experimental iterations to reduce the
coupling between bending and rotating actuator and its effect on BR2 performance. It would greatly assist
the designer, if a simulation tool is developed for the asymmetric architecture SCA designs, where FREEs
of different fiber angles, wall thickness, and diameter ratios can combine in parallel and their performance
attributes (like workspace and dexterity) are obtained. In addition, this dissertation was limited to single
section SCAs, future work will involve evaluating the advantages of multi section SCAs with asymmetric
parallel architectures.
Kirchhoff rods that are used to model the spiral gripper (in Chapter 3) and BR2 SCA design in Chapter
4 was limited to quasistatic modeling. Future work will be to include the dynamics in the modeling of the
asymmetric parallel architectures. In addition, to obtain greater model accuracy, it may be necessary to
consider additional effects which are not considered in the current framework. First, the effects of transverse
shear deformation and extension can be incorporated. Second, incorporating more accurate, nonlinear,
constitutive laws will be advantageous.
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7.2 Future Work in Exploring the Applications of VaLeNS
Design
The VaLeNS design in Chapter 4 and Chapter 5 has several advantages including modulating stiffness
and greater reachability due to its ability to switch between a rigid link and soft link. There are several
applications for such a hybrid design and in Chapter 6, an application of berry picking is explored. In the
future, there are two main applications that can be researched into with the current prototype : (a) berry
picking and (b) assistive devices for the elderly.
Soft Agricultural Robot
Control: The control of the SCA presented in Chapter 6 (SoftAgBot) was limited to only the actuation of
pressures in the SCA to reach a given position. Future work will investigate novel dynamic control schemes
of the VaLeNS arm, where the extruded length will also be decided by the control policy based on the
environment. Currently, the control of the rigid arm and SCA is independent and future work will look into
the overall control of the robotic arm.
Field tests: The field tests in Chapter 6 were limited to a greenhouse where there were no external
disturbances such as the effect of wind on the bush and also the SCA. It will be necessary in the future to
validate the entire system in outdoor environments. It will also need to be tested on different types of berry
plants that have different plant habits. Plant habit refers to the overall shape of a plant, and it describes a
number of components such as stem length and development, branching pattern, and texture.
Perception: In Chapter 6, the location of the berries are provided to the control system of the rigid and
hybrid arms by the user. In order to achieve autonomous berry picking, future work would need to sense
and provide the 3D location of the berries to the robot’s control system. Vision (depth) based techniques
are currently being explored to do this task.
Assistive devices for elderly
The world population is aging the WHO estimates by 2050 there will be 2.5 billion people over age 60
(Population Reference Bureau, 2020). Although aging may be accompanied by impairment in mobility,
perception, and cognition, most older adults still prefer to remain living independently as long as possible.
However, 35% still require support with Instrumental Activities of Daily Living (IADLs) such as maintaining
the home, preparing meals and health self-management [136]. Such care was traditionally provided by
families or professional caregivers; however, increasing work, personal obligations, and cost have rendered this
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source of support less viable. Consequently, older adults continue to try to carry out these tasks themselves
many of which require reaching in high places or bending down low both of which can lead to falls and the
subsequent need for surgery, rehabilitation, or relocation. The National Institute on Aging estimates that
one in three older adults falls every year [137] this rate could be reduced with robotic assistance.
It is widely recognized that robots have the potential to assist adults with these IADL activities in their
own homes. Recent studies have reaffirmed the adults willingness to accommodate robots in their lives, but
long-term use and effectiveness still depend on building trust between robots and humans. Understanding
and modeling trust is complex and dependent on the context, preferences, and attributes of the human. A
combination of reliable and precise robotic assistance combined with safety and adaptability especially near
the human is important.
Future work will be aimed to physically realize successful robots that can assist the aged with IADLs
by making fundamental advances in robot structure through hybrid switching. The objectives would be
(i) to discover the fundamental principles, optimized embodiments, and construct a taxonomy for hybrid
switching in robots, (ii) translate the overarching principles of hybrid switching to design successful robots for
various IADL tasks, and (iii) understand the effectiveness of these robots by benchmarking and user-centered
evaluation.
7.3 Future Work in Sensing of SCA
In Chapter 5, to control the BR2 SCA, a Vicon motion capture setup is used to sense the end position of the
SCA and in Chapter 6, a Patriot (Polhemus) electromagnetic flex sensor is used for obtaining the end position
for the control policy. The Vicon system is not field deployable and both systems (Vicon and Polhemus)
are expensive. In order to make the SCAs ubiquitous, future work will explore cost effective sensors. The
sensors can be of two types (a) that provide the 3D position and (b) that provide the deformation profile
(curvature and torsion along the length) of the SCA. The later sensors can be used for sensing the applied
forces.
7.4 Conclusions
This dissertation has presented four main contributions to the growing body knowledge of soft continuum
robots. In Chapter 3, a spiral gripper design method is presented that can be used to grip long and slender
objects. In addition, this chapter also presented a correction factor that needs to be accounted for in the
design process using the Kirchhoff rods. In Chapter 4, the trade-off between complexity and compactness of
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SCA design was addressed using a parallel asymmetric architecture design, BR2. In addition, a parameter
estimation method is elaborated to facilitate use of Kirchhoff rod theory. Furthermore, a DDPG control
policy is developed to control the end position of the SCA. In Chapter 5, the trade-off between soft and hard
features such as precision, accuracy, and force modulation are addressed by the design of the VaLeNS arm.
In Chapter 6, the design, modeling and control developed in previous chapters is used to build a system that
has the functionality to pluck berries from plants.
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